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haracterization of Montmorillonite 
Saturated with Short-Chain Amine Cations 


| 


BY THE DIVISION OF PHYSICAL R ESEARCH 


BUREAU OF PUBLIC ROADS 


The clay mineral montmorillonite is widely distributed in soils and has a 
considerable effect on soil properties such as plasticity, strength, and volume 


change. 


Recently, various amines (cationic organic compounds, derivatives of 
ammonia) have been tried in soil stabilization, usually as supplementary addi- 
tives with other stabilizers such as phosphoric acid. 


The following two articles 


present information on two aspects of the products obtained by treating a mont- 
morillonite (Wyoming bentonite) with a number of these amines. The results 
presented are not of immediate practical value in application to field problems, 
but are basic in nature; they represent a part of a larger study investigating the 
nature and properties of soil clay minerals and their contribution to the engineer- 
ing performance of soil materials. In the first article the data concern meas- 
urements of the basal spacings of the amine-saturated montmorillonite. 

Basal spacing measurements were made by x-ray diffraction. Specimens 
prepared by saturating portions of the montmorillonite with a series of small 
aliphatic primary, secondary, and tertiary amine cations, and with quaternary 
ammonium cations were x-rayed while wet, after oven-drying, and after glycerol 
treatment. Observed basal spacings ranged from about 12 to 14 A., depending 
on the cation, indicating that a monolayer of cations always was interleaved 
between adjacent montmorillonite layers. The observed spacings are consistent 
with the concept that the cations were oriented with their minimum thickness 
in the c-axis direction, but it is possible that the smallest cations had a long 
axis in this direction and were partially embedded in the clay surfaces. 

Montmorillonite saturated with cations containing up to four carbon atoms 


retained some sensitivity to water, as indicated by a slight contraction of the 
lattice on oven-drying and by rapid re-expansion on exposure to the humidity of 


the laboratory atmosphere. 


For cations having a layer thickness less than glycerol, limited lattice expansion 
occurred when specimens were glycerol treated, usually to a spacing sufficient 


to accommodate a single layer of glycerol molecules. 


Apparently the cations 


functioned as pillars separating the montmorillonite layers, and the glycerol 
molecules expanded the lattice as necessary to enter the spaces between the 


pillars. 


However, two exceptions were noted: with methylamine-saturation 


both a one-layer and a two-layer complex of glycerol were present simultaneously 
in the same specimen; but in trimethylamine saturation two different, one-layer 


complexes were present. 


It is suggested that the glycerol in one-layer mont- 


morillonite complexes may exist in two orientations, one causing a layer thick- 
ness of about 4.1 A., the other a thickness of about 4.6 A. 


| Introduction 
é | VHE PROPERTIES of montmorillonite 
BD saturated with large aliphatic amine 


cations have been studied fairly extensively 


in recent years, but relatively little work has 
been done with the smaller amine and quater- 
nary ammonium cations. The present work 
represents an attempt to characterize the 
complexes formed on saturation of a mont- 
‘morillonite with some of these smaller cations, 
particularly as to cation dimensions, packing 
of ions on the clay surface, and complexes 
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includes 
of basal 


This article 
determination 


formed by glycerol. 
information on the 
spacings of the various complexes, and on 
the interpretation of the data in terms of the 
thickness and orientation of the cations and 
of the glycerol molecules. 


Summary and Conclusions 


It has been shown that montmorillonite 
saturated with any of a number of short-chain 
normal primary, secondary, or tertiary amine, 


or quaternary ammonium cations acquires a 


Part 1—Interpretation of Basal Spacing Measurements 


Reported ' by SIDNEY DIAMOND 
Highway Research Engineer, and 
EARL B. KINTER, Chief, 
Physico-Chemical Section 


basal spacing characteristic of the formation 


of a complex consisting of a monolayer of 
cation pillars interleaved between adjacent 
layers of montmorillonite. The basal spacing 
even with wet 
specimens, and the spacing is not significantly 
reduced by air-drying. 


is generally very regular, 
Oven-drying causes 
slight contractions in spacing ranging from 
about 0.7 A. (angstrom unit, 10-8 em.) for 
specimens saturated with the trimethylamine 
cation down to about 0.1 A. for those saturated 
with cations containing six or more carbon 
atoms. Upon re-exposure to the laboratory 
atmosphere, specimens that showed significant 
contractions on oven-drying 
rapid, partial re-expansion 
sorption of water vapor. 

Thicknesses of the cation layers estimated 
from basal spacings of the saturated clay 
were 0.2 to 1.1 A. smaller than the minimum 
clearance thicknesses measured from atom 
One- and two-carbon amine cations 
might have been present in other than mini- 
mum thickness orientation with respect to 
the basal plane and, if , were partially 
embedded in the silica sheets. 

The effect of glycerol treatment of the clay 
varied with the cation. For 
saturation with most of the smaller cations, 
basal were that are 
characteristic of the clearance thickness of a 
of 


the montmorillonite layers. 


underwent a 


because of the 


models. 


sO 


somewhat 


spacings obtained 


monolayer glycerol molecules between 
with 
saturation by methylamine cations, at least 
part of the clay expanded to admit two molec- 


ular layers of glycerol. 


However, 


This may have been 
a reflection of the inhomogeneity of the Wy- 
oming bentonite material, the fully-expanding 
portion perhaps having a lower layer-charge 
density than the With _ tri- 
methylamine-treated clay, two distinct, one- 
layer 
simultaneously in the same specimen. 

may indication of 
inhomogeneity of the montmorillonite. 


remainder. 


occurred 
This 
the 


complexes of — glycerol 


also have been an 
In general, it is clear that with saturation 
by the smaller amine cations, glycerol pene- 


trated the lattice and a complex consisting of 


1 Presented at the 10th National Conference on Clays and 
Clay Minerals, Austin, Texas, October 1961. 
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cation pillars and interpillar glycerol molecules 
was formed in the interlayer spaces, with the 
separation between adjacent montmorillonite 
layers being controlled by the glycerol mole- 
Generally, the orientation of the 
glycerol molecules apparently corresponded to 
that observed in the normal two-layer glycerol 
complexes of montmorillonite,. which had a 
A-value of about 4.15 A. per layer. Of the 
two, one-layer glycerol complexes with tri- 
methylamine-saturated clays, one glycerol 
layer had a 4.2 A. A-value and the other a 
A-value of 4.6 A. This apparently indicated 
two different orientations of the glycerol 
The 4.6 A. A-value indicated an 
orientation corresponding to that for the one- 
layer glycerol complex for a sodium-saturated 
montmorillonite. With the larger tertiary 
amine cation and the quaternary ammonium 
cations, the changes in basal spacing observed 
for glycerol-treated specimens were minimal, 
and it was not possible to decide unequivo- 
cally whether the lattice actually had been 
penetrated by glycerol molecules. 


cules. 


molecules. 


Materials and Experimental 


Procedure 
Volelay-brand Wyoming bentonite was 
used as a source of montmorillonite. The 


commercial product was fractionated by dis- 
persion in water with sodium bexametaphos- 
phate (Calgon) and sedimentation by centrifu- 
gation; the material coarser than 2-microns 
was discarded. 

Amine cation-saturated specimens of the 
clay were prepared for x-ray diffraction by 
using 1-normal solutions of amine compounds 
as follows: methyl-, ethyl-, dimethyl-, 
diethyl-, di-n-propyl-, trimethyl-, triethyl-, 
tri-n-propyl-, and tri-n-butylamine hydro- 
chloride. Saturations also were made with 
solutions of two salts, tetramethylammonium 
chloride and tetraethylammonium bromide. 
For each specimen an aliquot of the clay- 
water dispersion sufficient to yield about 100 
milligrams of clay was used to prepare a thin 
film of clay as an oriented aggregate on a 
porous ceramic tile, by a centrifuge method 
(1) Saturation was accomplished by pass- 
ing five separate, 5-milliliter portions of the 
amine salt solution (50 times the exchange 
capacity) through the clay film and tile held 
in the suction device described in reference 1. 
The clay film was then washed five times by 
passing 20-milliliter portions of distilled water 
through the film and tile in the same manner. 

The solutions of the primary, secondary, 
and tertiary amine hydrochlorides were pre- 
pared by neutralizing the appropriate amine 
with concentrated hydrochloric acid and di- 
luting to 1-normal with distilled water. 
Corresponding solutions containing the qua- 
ternary amine cations were prepared directly 
from the two salts, tetramethylammonium 
chloride and tetraethylammonium bromide. 
The amines and quaternary ammonium salts 
were Eastman organic reagents. 

X-ray diffraction patterns were recorded 
with a General Electric XRD-3 diffractom- 


2 The references indicated by italic numbers in parentheses 
are listed on page 56. 
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eter employing copper Ka radiation. These 
patterns were obtained for specimens when 
they were (1) wet, directly after the satura- 
tion and washing treatment; (2) air-dried; 
(3) oven-dried overnight at 110° C.; and 
(4) glycerol-treated. 

For the glycerol treatment, an excess 
amount of glycerol was applied to the clay 
film: the specimen was piaced over a supply 
of glycerol in a sealed container and tempered 
overnight at 70° C. After this tempering 
treatment, the specimens had substantially 
the same basal spacings as those treated with 
glycerol alone, but the tempering markedly 
improved the regularity of the sequence of 
basal reflections and greatly increased the 
intensity of the individual maxima. 


Results and Discussion 


Wet specimens 


Basal spacings of the wet amine-cation 
saturated specimens are listed in table 1. 
The numbers given are averages calculated 
from several higher orders of reflection, and 
they occupy a restricted range of 12.6 to 14.2 
A. For most specimens, the x-ray maxima 
were surprisingly sharp and well-defined, and 
they had a very regular sequence of reflections. 
This was in contrast to the x-ray maxima for 
wet specimens of the same montmorillonite 
saturated with inorganic cations; such speci- 
mens commonly exhibited only diffuse reflec- 
tions lacking in higher orders. As the basal 
spacing of the montmorillonite structure 
itself was 9.4 A, and the thickness of a methyl 
group (2) is about 4 A., it is clear from the 
basal spacings, as shown in table 1, that no 
more than a monolayer of cations was present 
between adjacent layers of montmorillonite. 


Air-dried specimens 


Small reductions in the basal spacings of 
about 0.1 A. were caused by the air-drying 
of the wet amine-cation saturated specimens. 
The basal spacing data for the air-dried 
specimens were not included in table 1 be- 
sause the effect of air-drying was so slight and 
the relative humidity had not been controlled. 


Table l.—Basal spacings of wet- and oven- 
dry amine-saturated montmorillonite 


Basal spacings 





| 
Wet 

spec- 

imens 


Oven- 
dried 
spec- 
imens 


Cation 
Dif- 
ference 





Methylamine 
Ethylamine 


Dimethylamine-________- 
Diethylamine tesa 
Di-n-propylamine_______- 


13. 22 
13. 28 


13.5 
13. 40 
13. 4 
13.6 


Trimethylamine__________ 

‘Triethylamines 2. os: 22-2 
Tri-n-propylamine_________- 
Tri-n-butylamine-_-____-_-- 











214 
14,2 


Tetramethylamine 
Tetraethylamine_-_____- 





1 Averages of estimates based on higher orders of reflection, 
each order of reflection having been recorded individually 
immediately after a separate drying period. 

2 Diffuse nature of x-ray pattern of the second and higher 
orders precluded accurate estimation of basal spacing and of 
difference in spacing between wet- and oven-dry spe cimens 






































Oven-dried specimens 


The basal spacings for the oven-dried speci. 
mens also are given in table 1. In the norma 
x-raying procedure, an oven-dried specimen 
was removed from the oven, mounted di- 
rectly on the diffractometer, and the appro- 
priate two-theta range (2° to as high as 60°) 
was covered in a continuous scan. This 
technique was satisfactory for specimens 
saturated with the larger amine cations; but, 
for those with the smaller cations, rapid ad- 
sorption of water vapor from the atmospher 
caused considerable expansion of the latti 
to take piace while the diffraction patterns. 
were being recorded. As appropriate acces 
sory equipment was not available to preve 
this adsorption and expansion during the 
x-raying, a special procedure to minimize the 
effect was adopted to record the patterns, H 
The diffractometer was preset to within one- 
half a degree of the expected position for a 
given maximum, the specimen was removed 
from the oven and mounted immediately in 
the diffractometer, and the maximum was. 
recorded. The specimen was then returned 
to the oven to remove the small amount of 
moisture that had been adsorbed during the 
recording period, and the procedure was re- 
peated to record the next order of reflection. 
For each recording, approximately 14 minutes 
elapsed between the removal of the specimen 
from the oven and the recording of the maxi- 
mum; the specimen remained hot during this 
period. , 


The basal spacings with this procedure 
were estimated from four or five individual 
higher orders of reflection, which agreed within 
0.05 A. for most specimens and within 0.10 A. 
for all. The regularity of spacing was com- 
parable to that observed for specimens sat 
urated with the larger cations, by use of the 
normal continuous scan procedure. 


As shown in table 1, for clay specimens 
saturated with the smaller amine cations (uf 
to four carbon atoms), the basal spacings 
were not fixed; the spacings for the wet speci 
mens were from 0.3 to 0.7 A. higher than those 
for oven-dried specimens. It was clear that 
despite the amine saturation, water pene 
trated the interlayer spaces of specimens anc 
slightly expanded the lattice. But when speci 
mens were saturated with cations containing 
six or more carbon atoms, the result was vir 
tually fixed basal spacings. The difference 
in spacings between wet and oven-dry speci 
mens were not more than about 0.1 A.; thes 
differences are consistent in direction am 
probably are not much greater than the experi 


mental error. } 


Jordan (3) has shown that in the series ¢ 
primary normal aliphatic amine cations 
those up to decylamine yield one-layer com 
plexes with montmorillonite, although dode 
cylamine and larger cations form two-laye 
complexes. Little information is availabl 
in the literature concerning the size of catio 
at which a corresponding change takes plac 
in the secondary or tertiary amine serie 
In this study, one-layer complexes were ol 
served in specimens with the largest of t 
secondary and tertiary amine cations em 


f 
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ployed, di-n-propylamine and _ tri-n-butyl- 
amine. Although no further exploration was 
made in the secondary amine series, specimens 
saturated with the next higher member of 
the tertiary series, tri-n-amylamine, were 
examined and the basal spacing of approxi- 
mately 18 A. indicated the presence of a two- 
layer complex. 

Recently, a two-layer complex of methyl- 
amine- or dimethylamine-saturated mont- 
morillonite was obtained by treatment of 
Wyoming bentonite with concentrated solu- 
tions of methylamine and dimethylamine 
hydrochloride (4). However, for these 
smallest two cations only one-layer complexes 
were formed when the clay was treated, as in 
this study, by repeated leaching of a thin film 
of clay with an excess of l-normal solution of 
the hydrochloride. The effect was the same 
whether the clay film was x-rayed while still 
soaked with the amine hydrochloride solution 
or after thorough washing with distilled water. 
Presumably, therefore, formation of a two- 
layer complex with methylamine or dimethyl- 
amine requires that the clay be in contact with 
a solution more concentrated than 1l-normal. 


Little published information is available on 
basal spacings that could be used for compari- 
son with the basal spacings observed in this 
study for the oven-dried specimens. Spacings 
generally 0.1 to 0.3 A. less than those recorded 
for this study have been cited (5, 6) for a 
montmorillonite that had been saturated with 
methylamine, dimethylamine, trimethylamine, 
tetramethylammonium, and _ tetraethylam- 
onium cations, all of the specimens having 
een dried and outgassed under high vacuum. 
A spacing of 13.3 A. was reported (7) for both 
vet and air-dried specimens of a mont- 
norillonite saturated with triethylamine 
ations, which is comparable to the 13.40 A. 
nd 13.26 A. obtained in this study for a wet 
and an oven-dried specimen. 


In discussing the basal spacings of clay- 
organic complexes, it has been customary to 
stimate the thickness of the organic layer by 
subtracting the theoretical thickness of the 
ilicate layer (9.4 A. for montmorillonite) 
rom the basal spacing measured by x-ray 
iffraction. MaclHwan (8) called this estimate 
f the thickness of the organic layer the 
‘A-value.”’ A-values calculated in this way 
or the several amine and quaternary ammon- 
ium cations used in this study are presented in 
able 2. For comparison, also included are the 
| corresponding minimum clearance thicknesses 
| for the various cations; these were obtained by 
| direct measurement of Fisher-Taylor-Hirsch- 
te atom models. Each A-value is some- 
what smaller than the minimum clearance 
thickness measured from the model; the 
apparent contraction varied from 0.2 to 1.1 A. 
Similar effects have been observed for adsorbed 
organic molecules, as well as for cations (9, 10, 
_)). This apparent contraction of the organic 
ayer has been variously ascribed to hydrogen 
bonding to the silicate surface, to partial key- 
_ing into the silicate layer, or simply to com- 
pression exerted by the host montmorillonite 
attice. Brindley and Hoffman (/1) have 
jreviewed and discussed this subject in con- 
siderable detail. 
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In the foregoing discussion of the basal 
spacing and apparent contraction data, it 
has been assumed that the adsorbed ions were 
oriented so as to present their minimum 
thicknesses in the direction perpendicular to 
the layers. However, another interpretation 
is likely for the smallest amines; that is, those 
containing only one or two carbon atoms. 
In a recent paper, Rowland and Weiss (4) 
have suggested that, when montmorillonite 
is treated with a relatively dilute solution of 
methylamine hydrochloride or dimethylamine 
hydrochloride, the adsorbed amine cations 
may be oriented with their long axis perpen- 
dicular to the silicate layers, the cations being 
partially embedded in the holes of the hexag- 
onal oxygen rings of the silica sheets. The 
basal spacings observed in this study for these 
two cations, and also for the ethylamine 
cation, are consistent with either orientation— 
the increased clearance thickness required 
for these cations in their vertical orientation 
could have been compensated for by their 
being partially embedded in the 2.4 A.-deep 
oxygen-ring cavity. Evidence presented in 
part II of this article strongly supports the 
latter interpretation. 


Glycerol-treated specimens 


Basal spacings for amine-saturated mont- 
morillonite specimens treated with glycerol 
are given in table 3. These spacings give no 
indication of the formation of two-layer com- 
plexes, except for specimens saturated with 
methylamine. X-ray diffraction patterns of 
specimens saturated with the methylamine 
cation and then treated with glycerol disclosed 
that both one- and two-layer complexes were 
present simultaneously. This simultaneous 
occurrence of the two types of complexes 
may possibly have been caused by the inhomo- 
geneity of the bentonite with respect to layer 
charge density—that portion of the material 
with lower charge density tending to expand 
more readily than that with higher charge 
density, thus admitting two molecular layers 
of glycerol, but the higher charge density 
material tended to admit only one molecular 
layer. Beavers and Larsen (12) showed that 
a clay fraction of a Wyoming bentonite, 
analyzed electrophoretically by schlieren moy- 
ing boundary procedures, behaved as though 
materials of two or more different charge 
densities were present. 

The patterns of the glycerol-treated tri- 
methylamine-saturated clay, although not 
showing the presence of a two-layer glycerol 
complex, were unusual in that they showed 
two distinct series of reflections and thereby 
indicated the simultaneous presence of two, 
different one-layer complexes—a predominant 
one having a basal spacing very close to 14.0 
A., and another, representing only a small 
part of the clay, having a spacing of about 
13.6 A. This variation also might be ac- 
counted for by inhomogeneity of the mont- 
morillonite with respect to layer charge 
density. The x-ray diffraction patterns for 
all of the other cations showed only a single 
sequence of strong and well-ordered basal 
reflections, all for one-layer complexes. The 
basal spacings cited in table 3 are averages 





Table 2.—Apparent contraction of the cation 
layer in amine-saturated montmorillonite 


| Mini- 

mum 

| clearance | Apparent 

A-value!| layer | contrac- 
| thickness) tion 

derived | 

from 

model 


Cation 





A. 
3.7 


3.9 


i 
200° 


Methylamine_____ 4 
Ethylamine 


Con 
wo 





Dimethylamine_____- 
Diethylamine_____- 
Di-n-propylamine___- 


Trimethylamine______| 
Triethylamine____.___ 

Tri-n-propylamine_.__| 
‘Tri-n-butylamine 





Tetramethylamine___ 
Tetraethylamine 


a Sa eco CS 








1 Observed basal spacing of oven-dried specimen minus 
9.4 A., the theoretical thickness of the montmorillonite layer. 


-alculated from four or five individual, higher 
orders of reflection. Agreement among the 
basal spacing estimates calculated from these 
individual orders of reflection is comparable 


to the agreement among basal spacing 
estimates for oven-dried specimens. For com- 
parison with the basal spacings of the 


glycerol-treated specimens, the corresponding 
spacings for oven-dried specimens also are 
given in table 3. In general, the basal 
spacings for the giycerol-treated specimens 
are higher and vary with the size of the cation. 
With methylamine, the smallest cation, the 
spacing of the one-layer complex produced 
by the glycerol treatment is 13.6 A., which is 
about 1.4 A. higher than the spacings for 
the oven-dried specimens. For the other 
cations, differences between the spacings of 
the glycerol-treated and the corresponding 
oven-dried specimens decrease systematically 
with increasing size of the cation; the differ- 
ence ranges from 1.2 A. for dimethylamine 
down to 0.1 A. or less for specimens saturated 
with cations having more than six carbon 
atoms. For the tetraethylammonium cation, 
the spacing of the glycerol-treated specimen 
is actually lower than that of the oven-dried 
specimen, by 0.1 A. 


Table 3.—Comparison of basal spacings for 
glycerated and oven-dried specimens of 
amine-saturated montmorillonite, 
A-values for the glycerated specimens 


and 


























Basal spacings A -value 
es for glye- 

Cation erated 

Glye- | Oven- | Differ- | speci- 

erated | dried ence mens 

1. 

A, A, A, A, 

Methylamine---_- 13. 60 12.16 1. 44 4.2 

and 18 and 6 

Ethylamine-_-_-_----- 13. 65 12. 66 0.99 4.2 
Dimethylamine_.._| 13.74 12. 52 1, 22 4.3 
Diethylamine._..-_-| 13.40 12. 81 0.59 4.0 
Di-n-propylamine_| 13.40 13.15 0. 25 4.0 
Trimethylamine___| 13.99 12. 84 1.16 4.6 
and | and and 

13.6 | 0.8 4.2 

Triethylamine_- 13. 36 13. 26 0.10 4.0 
Tri-n-propylamine_| 13.47 | 13.36 0.11 4.1 
Tri-n-butylamine__} 13. 55 13. 51 0. 04 4.1 

| 
Tetramethylamine.| 13.96 13. 85 0.11 4.6 
Tetraethylamine_.-| 14.05 | 14.17] —0.12| 4.6 
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A-values for the glycerol-treated specimens 
also are given in table 3. These specimens 
may be placed in two groups, one whose 
A-values averaged 4.15 A. and one whose A- 
values averaged 4.6 A. MacEwan (8) gave 
a A-value of 8.3 A. for the two-layer glycerol 
complex, which corresponds to a thickness 
of 4.15 A. for the glycerol molecule. He also 
observed a lower A-value of 3.8 A. for the 
one-layer glycerol complex of halloysite. 
Previously, the authors (13) reported that 
a one-layer glycerol complex of sodium-satu- 
rated montmorillonite had been obtained by 
heating the glycerol-treated clay. The basal 
spacing was 13.95 A., which corresponds to 
a A-value of 4.55 A. Thus, the A-values 
reported in table 3 are within the range of 
previously reported estimates derived from 
glycerol complexes. Examination of an atom 
model of the glycerol molecule revealed that 
a large number of possible conformations and 
orientations of the molecule can yield A- 
values within this range. Two different 
orientations or conformations of the glycerol 
molecules are suggested by the two distinct 
groups of A-values, and also by the two 
separate sequences of basal reflections observed 
for one of the cations in each of the two groups. 
The orientation causing a A-value of about 
4.15 A. apparently corresponds to the state 
of the glycerol molecules in the normal two- 
layer glycerol complex; and the orientation 
causing the 4.6 A. A-value apparently cor- 
responds to the orientation of the glycerol 
molecules in the one-layer glycerol complex 
of sodium-saturated montmorillonite. 

The concept has been established (4, 6) that, 
in montmorillonite saturated with certain 
small amine cations, the cations act as 
‘Hillars’” holding the individual montmoril- 
lonite layers apart to a spacing approximating 
the thickness of the individual cation. The 
pillars do not form a close-packed layer, and 
the interlayer space remaining between them 
is available for sorption of either polar or non- 
polar gases. Also established was the fact 
that further expansion of the basal spacing of 
the amine-saturated montmorillonite can 
accompany sorption of certain polar gases 
whose molecules require greater clearance 
space than that provided by the amine cation 
pillars. 

The results for the sorption of glycerol in 
this study are consistent with this pillar con- 
cept. For the smaller amine cations, pene- 
tration of glycerol molecules into the vacant 
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interlayer spaces between the cation pillars 
apparently was accompanied by a lattice 
expansion to the clearance required to accom- 
modate the glycerol molecules themselves. 
A mixed, one-layer complex of glycerol 
molecules and amine cations thus may be said 
to have been present. But, for the larger 
tertiary amine cations, interlayer separations 
established in the specimens by the cations 
themselves approached the clearance required 
to accommodate glycerol molecules. Ad- 
sorption of a monolayer of glycerol molecules 
in the interpillar spaces therefore would 
require little, if any, expansion of the lattice. 
As the changes in basal spacings for these 
cations were minimal (table 3), it is clear that 
not more than such a monolayer of glycerol 
molecules could have been adsorbed; but, it 
also is not possible to decide unequivocally 
whether penetration of glycerol into the inter- 
pillar spaces actually occurred. <A_ similar 
uncertainty also applies for the quaternary 
ammonium cations. 

Although similar x-ray data for glycerol- 
treated, triethylammonium-saturated mont- 
morillonite had been interpreted (14) to 
indicate that glycerol molecules do not pene- 
trate between the unit layers, results from 
this study indicate that such an interpretation 
is not necessarily correct. Whether any such 
penetration actually occurs is discussed more 
fully in part IT. 
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Introduction A brief explanation of the basis for research with a montmorillonite clay 
| saturated with a series of amine cations is included in the editorial appearing 
‘TN MONTMORILLONITE saturated with with the first article. 
i certain short-chain amine and quaternary 
ammonium cations, it has been shown (/, 2)? 
‘that the amine cations are present largely as 
‘an incomplete monolayer between the unit 
layers of the montmorillonite, and the indi- 
‘vidual cations act as pillars in preventing 
} collapse of the montmorillonite lattice when 
}\the clay is dried. Also, the space between 
| the cation pillars has been demonstrated to 


In this Part IT, the interlayer surface area of the clay that 
is covered by the amine cations is discussed. 

Portions of Wyoming bentonite were saturated with a series of short-chain 
aliphatic amine and quaternary ammonium cations and the amine content 
When the 
clay was saturated with amine cations containing one or two carbon atoms, the 





remaining after washing was determined by combustion analysis. 


amine content of the clay was greatly in excess of its cation exchange capacity. 
This excess was thought to be either amine cations or uncharged amine molecules 
that had become partially embedded in the oxygen rings of the silica sheet sur- 


faces. When the clay was saturated with the larger, tertiary amine cations, 





| be available for the sorption of both polar 
| and nonpolar gases. 


In an attempt to meas- 


jure the extent of the interpillar areas 
‘by applying the Brunauer-Emmett-Teller 


(B.E.T.) equation to their observed data for 


||the sorption of gases, Barrer and Reay (1) 


‘found that the calculated areas were much 


’ 
lower than had been expected from the 


cation exchange capacity of the clay and the 





\size of the cations. The principal reason 
adduced for this discrepancy was that the 
_B.E.T. gas-sorption model seemingly did not 


apply to the unusual sorption conditions 


\ 


that have 


I 


, 
i 


} 


prevailing in the sterically restricted areas 
between the montmorillonite unit 

For montmorillonite and related substances 
been saturated with inorganic 
cations, the interlayer area can be measured 
conveniently by liquid-state sorption methods; 
| polyhydric alcohols such as glycerol (3, 4) and 
ethylene glycol (5) have been used. With 
'the glycerol method, a saturated sample of 
clay is treated with an aqueous solution of 
glycerol and, in a glycerol-vapor atmosphere 
-maintained at slightly less than saturation, 
the water and excess glycerol are removed 
from the clay at a temperature of 110° C. 
_A monomolecular layer of glycerol is retained 
| by: the clay, both on the areas between the 
unit layers and on the exteriors of the par- 
ticles. Completion of the desorption of excess 
glycerol is signaled by the glycerol-treated 
_clay’s attainment of constant weight. The 


layers. 





1 Presented at the 10th National Conference on Clays and 
Clay Minerals, Austin, Texas, October 1961. 

2 The references indicated by italic numbers in parenthe- 
Ses are listed on pages 62-63. 
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the amine content of the clay was slightly less than its exchange capacity, pre- 


sumably because of the blocking of some exchange sites by steric interference. 
Quantitative determination of the glycerol retained as a monolayer in glycerol- 


treated specimens of the amine-saturated clays showed that these clays retained 


considerably less glycerol than the untreated bentonite. 


The amounts of 


retained glycerol were employed to provide quantitative estimates of the inter- 


layer clay surface remaining 


unoccupied 


between cation pillars. The 


percentage of unoccupied interlayer surface of the untreated clay ranged from 
about 75 percent for the clay saturated with methylamine to essentially zero for 
the clay saturated with the larger, tertiary amine cations. 

The validity of the areas calculated from the glycerol retention data was 
indirectly confirmed by deriving estimates of the cross-section areas of the 


several cations from the reductions in the amount of glycerol retained. 


These 


experimentally -derived cross-section cation areas were in satisfactory agreement 
with the areas of the cations projected from atom models. 


weight increase over the oven-dry weight of 
the clay represents the weight of the mono- 
layer. By use of the monolayer weight and 
the coverage area assigned to the glycerol 
molecule, the surface area of the clay is 
estimated. 

X-ray diffraction results included in part 
I of this article indicated that glycerol 
molecules, applied in the liquid state, also 
can penetrate interlayer spaces when mont- 
morillonite is saturated with any one of a 
number of short-chain aliphatic amine cations, 
containing up to four carbon atoms. The 
entry of glycerol was revealed by an expan- 
sion of the basal spacing of the amine-cation 
saturated clay, which provided a separation 
of not less than about 4 A. between the unit 
layers. Analogous restricted lattice expan- 
sion caused by sorption of certain polar 
molecules on amine-treated montmorillonite 
also has been observed (1, 6). 

In this study, the extent of the interpillar 
area of a montmorillonite saturated with a 


series of short-chain aliphatic amine cations 
was estimated by means of the glycerol re- 
tention technique. The interpillar area, the 
total interlayer area of the untreated clay, 
and the number of amine cations present in 
each amine-saturated product, as determined 
by analysis, were used to estimate the area 
covered by the individual cations. 


Summary and Conclusions 


Wyoming bentonite was treated with solu- 
tions of the hydrochlorides of a number of 
short-chain aliphatic amines and two quater- 


nary ammonium salts and washed with an 
acetone-water solution. Carbon analyses 
indicated that in most cases the cations 


were adsorbed and retained against washing 
in amounts consistent with the exchange 
capacity of the clay. However, for the one- 
and two-carbon amines, the adsorption was 
greatly in excess of the exchange capacity, 
although for the larger tertiary amines it was 
less than the exchange capacity. 
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Glycerol retention determinations indicated 
that the surface available to glycerol is greatly 
reduced by treatment with amine cations, the 
reduction being most pronounced for the 
larger cations. After allowing for glycerol re- 
tained on external surfaces, the remaining glyc- 
erol was interpreted as having been retained 
between the cation pillars in the interlayer 
spaces. From the glycerol retention figures, 
estimates were made of interpillar area rang- 
ing from more than 400 m.2/g. for the methyl- 
amine-treated clay to essentially zero for the 
clay treated with tri-n-butylamine. 

Consequently, the difference in glycerol- 
retaining capacity between untreated benton- 
ite and the amine-treated clay was ascribed 
to the interlayer area physically occupied by 
the amine cations. From the loss of glycerol- 
retaining capacity, the total area occupied by 
the cations and the average cross-section area 


per cation were calculated for each of the 
several amines. These experimental cross- 


section areas were shown to be in good agree- 
ment with coverage areas obtained from atom 
models of the individual amines. This agree- 
ment confirmed that the interlayer space not 
occupied by amine cations may be occupied 
almost completely by glycerol and, conse- 
quently, that the glycerol retention method 
provides an acceptable measure of the area 
between the amine cation pillars. The com- 
pleteness with which glycerol fills the inter- 
pillar areas suggests that at least the larger 
cations possess some freedom of lateral ad- 
justment in the interlayer space. 

The of cations within the 
monolayers was considered to be somewhat 
irregular, with the actual distances between 
adjacent cation sites deviating considerably 
from the calculated average distance of 7.7 A. 
Because of this irregularity, saturation treat- 
ments with cations such as tri-n-propylamine, 
which are large enough to occupy all of the 
interlayer surface of the clay on the basis 
of a complete exchange of cations, do not 
necessarily accomplish this coverage. On 
the one hand, the exchange of large cations 
was not complete because some of the sites 
that happened to be closely spaced may have 
been blocked; but at the same time, in regions 
of widely-separated sites, some of the inter- 
layer area may still have been unoccupied. 
Upon glyceration a few glycerol molecules 
may therefore be adsorbed into the inter- 
layer space; the probability of this presumably 
decreases with increasing layer charge of the 
montmorillonite. Because of this, 
tion with triethylamine cations, which had 
previously been suggested as a means of 
preventing the penetration of glycerol into 
the interlayer spaces, was not completely 
effective with Wyoming bentonite. Esti- 
mates of the external surface of some soils 
and clays obtained by glycerol retention 
after such treatment thus may be slightly 
high. 


distribution 


satura- 


Methylamine, ethylamine, and dimethyla- 
mine seemed to be adsorbed and retained 
by the clay in a manner somewhat different 
from the other amine cations, apparently 
being in perpendicular rather than parallel 
orientation with respect to the planar surface 
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of the clay. The amount of methylamine 
adsorbed and retained corresponds to the num- 
ber of oxygen ring cavities calculated to be 
present on the clay surface. It is thought 
that a full exchange complement of methyla- 
mine cations was partially embedded in those 
cavities which are associated with cation 
sites, and that amine in excess of this was 
similarly embedded in the remaining ones. 


The adsorption of excess amine was not 
accompanied by either the adsorption of 


chloride ions or by an observable drop in pH. 
Consequently, although it is clear that the 
excess amine was not adsorbed as molecules 
of amine salt, it is not certain whether ad- 
sorption was in the form of amine cations or 


as free amine molecules. The adsorption 
of the two-carbon amines was somewhat 


less than for methylamine, corresponding to 
occupation of all of the cavities associated 
with cation sites, plus only about half of the 
remaining ones. This lesser adsorption is 
thought to have been caused by the 
physical difficulty of the two-carbon amines 
in becoming suitably oriented for embedding 
in the cavities. 


Preparation of Amine-Saturated Clay 


The clay used in this study was Volclay 
brand Wyoming bentonite ground to pass the 
200 mesh sieve; this clay contained about 85 
percent montmorillonite and the remaining 15 
percent was largely quartz and feldspar. This 
material was used as supplied, without frac- 
tionation or other purification. The group of 
amines used included a number of short- 
chain primary, secondary, and tertiary ali- 
phatic amine cations and two small quaternary 
ammonium cations; these are listed in table 1. 
The clay was saturated with amine cations by 
using l-normal solutions of the amine hydro- 
chlorides prepared by neutralizing Eastman 
organic reagent amines with hydrochloric 
acid to a final pH of about 7. For saturation 
with the quaternary ammonium cations, 
l-normal solutions of tetramethylammonium 
bromide and tetraethylammonium chloride, 
prepared from the corresponding Eastman 
salts, were used. 

For each cation saturation, 50 milliliters 
of the amine salt solution (5 times the exchange 
‘apacity) was added to a 10-gram‘portion of 
the clay, and the mixture was stirred until the 
clay was thoroughly wetted. About 100 
milliliters of distilled water was then added 
and the mixture was stirred vigorously for 
10 minutes with a vibration mixer. The 
strongly-flocculated clay was sedimented by 
centrifugation, and the supernatant liquid was 
decanted and discarded. This treatment was 
performed five times, after which the clay was 
washed five times by a similar process with 
150-milliliter portions of 9:1 acetone-water 
solution. The clay remained  flocculated 


throughout the washing process and was 
easily separated from the wash liquid. The 


last supernatant liquid was tested with a 
silver nitrate solution to assure its being free of 
chloride ion. The washed clay was dried at 
room temperature, lightly powdered, and 
stored, 





























































Determination of Amine Content — 


The several amine-saturated clay materials 
were analyzed for carbon content by the 
conventional dry combustion method. The 
amine content in milliequivalents per gram 
of clay (meq./g.) was calculated by use of 


the carbon content data and the theoretical 
carbon content of the individual amines; 


these data are given in table 1. For com- 
parison with these data, the cation exchange 
capacity of the raw clay (0.91 meq./g.) was 
determined by the versenate titration method 
described by Jackson (7). The amine content 
of the saturated clay material varied greatly; 
the results fell into three groups, depending 
on the size of the amine used for the satura- 
tion: (1) The amine content of the clay 
saturated with the 1- and 2-carbon amines 
greatly exceeded cation exchange capacity of 
the clay, the content of methylamine being almost 
three times as great; (2) the amine content 
of clay saturated with amines containing 
from 3 to 8 carbon atoms was approximately 
equal to the cation exchange capacity; but 
(3) the amine content of clays saturated with 
amines containing 9 or more carbon atoms| 
was somewhat less than the cation exchange 
capacity. The anomalously large amine con- 
tent of the clay preparations saturated with 
the smaller amines will be discussed later in| 
this article. The deficiency in amine content 
noted for clay saturated with the larger amines 
agrees with findings for other relatively large 
amines made by Hendricks (8), Slabaugh 
and Kupka (9), and others; apparently this) 
deficiency was caused by a steric interference 
by the large cations—those involved early 
in the exchange process blocking the access! 
of some of the other cations to the remaining 
exchange sites. Even after repeated treat: 
ments of the clay, some of the original cations, 
apparently remain; therefore, the amine 
cations were present on the clay in amounts 
that are less than the full exchange capacity, 
of the clay. 


INTERPILLAR AREA 


Glycerol Retention Determinations 





Duplicate glycerol retention determination; 
were made for the untreated clay and fo) 
each of the amine-saturated and quaternary 
ammonium-saturated clay products, by ust 
of essentially the same procedure reportec 
earlier (4). Briefly, a 1l-gram sample of clay. 
was treated with 10 milliliters of a 5-percen’ § 
aqueous solution of glycerol, the clay wa: 
brought to constant weight (the glycero) 
monolayer condition) by removal of wate) 
and excess glycerol, at a temperature o| 
110° C., in an atmosphere slightly less thar 
saturated with glycerol vapor. The differene 
in the initial and final weight of the clay 
represented the glycerol retention or weigh } 
of the glycerol monolayer. These glycero 
retention determinations are given in table 1 
To provide a uniform basis of comparison, th: 
data in terms of milligrams of glycerol retaine¢ 
per gram of amine-saturated clay were con 
verted to the basis of milligrams per gran 
of untreated clay by using the carbon conten 
data and the stoichiometric compositions 0 
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Table 1.—Characterization of amine-saturated clay 



























1 Average of duplicate determinations, corrected for carbon content of untreated clay. 


Hayes, chemist, Bureau of Public Roads. 


Glycerol retention | 
Carbon con- | Amine con- 
' tent, 1 based | tent, based x Calculated 
Saturating cation on oven-dry on oven-dry Based on Based on Reduction interpillar 
weight of | weight of un- oven-dry oven-dry | from amount} surface area 
amine-satu- | treated clay weight of | weight ofun-)| of untreated 
rated clay amine-satu- | treated clay clay 
rated clay 2 
f x Percent meq./q. mqg./q. mgq./q. | Percent | m.2lq. 
REIUOALOC, CLAY 22 ey ncn (3) hat ee cat 27 a OS fies See 5 624 
» y | | 
Moth yiamine. 5-22.22 -..2: 2. 46 | 2.35 128. 5 137. 4 29 431 
eiraviamine 222 3. 22 1. 46 101.5 109. 2 44 331 
Dimethylamine-.--..---------- 2.97 1. 34 106. 4 126.8 34 394 
Miathylamine-.-.22.....22-.__ 4.16 .94 70. 6 75.8 61 | 212 
Di-n-propylamine -___________- 5. 56 . 89 54.9 59. 5 69 156 
Trimethylamine______________ 3.08 | . 92 103. 7 109. 2 43 331 
spMepnylamine-.....-....-.+-- 4.16 . 93 22.5 24.6 87 | 33 
Tri-n-propylamine______-_____ 7. 30 nib | 26. 5 29.3 85 49 
Tri-n-butylamine____________- 8. 83 .70 | 13.9 150%" e| 92 1 
Tri-n-amylamine________..__- 9. 98 . 64 (°) (8) (8) (8) 
Tetramethylamine___________- 4.26 | .95 85.8 Can. | 57 270 
Tetraethylamine__-______- setae 7. 60 | . 89 22. 4 24.9 87 34 














Analyses performed by Ll. B. 


It 2 Average of duplicate determinations which agreed within 1.5 mg./g, 

| * The cation exchange capacity of the untreated clay is 0.91 meq./g. 

q 4 Average of six determinations on a sample washed five times with a 9:1 acetone-water selution. 
iy 5 Complete interlayer surface area of untreated clay. 


6 Not determined; explanation given in text. 


Vihe amines. All the resulting data show 
that the amount of glycerol retained by the 
‘slay product had been substantially reduced 

lpy the amine treatment. The reductions 
ranged from about 30 percent to more than 


“jantreated clay; these reductions increased 
‘zenerally with the increasing number of sub- 
“stituent alkyl groups and the length of the 
; alkyl chains. 

An effort was made to investigate the effect 
“>f even larger cations on clay; but the attempt 
9 obtain similar glycerol retention data for 
‘che two, next larger cations in the tertiary 
“series, tri-n-amylamine and tri-n-hexylamine, 
was unsuccessful. After the saturation and 
“washing, the samples could not be brought 
"So constant weight by oven-drying; they 
*sontinued to lose weight slowly for several 
‘weeks. This weight loss was accompanied 

oy the evolution of a characteristic amine 
odor, apparently caused by the desorption 
of amine molecules that had been adsorbed 
during the saturation treatment and not 
removed by the washing. Because of this 
ifficulty, no further attempts were made to 
tharacterize tri-n-amylamine- and _ tri-n-hex- 
ylamine-treated montmorillonite by the glyc- 
qerol retention technique. 


- 


i ee: 
’ External surface 


» As indicated, part of the retained glycerol 
»was considered to be present in channels be- 
» tween the amine cations in the interlayer 
j8paces and the remainder of the glycerol was 
, considered to be a monolayer on the external 
y Particle surfaces of the clay. Therefore, in 
y°Stimating the extent of the interpillar area 
fiaieo these determinations, it was necessary 
to correct the total retention for the amount 
retained on external surfaces. In estimating 
the external glycerol, it seemed reasonable 
ato postulate that the external surface areas 
, Of the several amine-saturated products were 
phot significantly different from that of the 
i ntreated clay or from each other. The raw 
jclay was treated directly with the amine 


—_— 


| 
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salt solution without prior dispersion, and 
flocculation was maintained throughout the 


saturation and washing treatments. Although 
mechanical agitation was a necessary part 


of the process, disruption of the primary 
particles was considered insufficient to have 
significantly affected the amount of the 
external surfaces. The external surface area 
of the untreated Wyoming bentonite material 
was 2/7 square meters per gram (m.?/g.) 
determined by the conventional B.E.T. method 
using nitrogen sorption.’ An external surface 
area of 27 m.?/g. for untreated and unfrac- 
tionated Wyoming bentonite, of the same 
grade and from the same source as that used 
in this study, also was cited by Mooney, 
Keenan, and Wood (10). Therefore, regard- 
less of cation saturation, the figure of 27 m.2/g. 
was used as the external surface area of the 
clay in all subsequent calculations made 
during this study. 


Coverage area per glycerol molecule 


When calculating surface areas from glycerol 
retention data it was also necessary, in effect, 
to assign an area of surface coverage to the 
individual glycerol molecules. The assign- 
ment of such a coverage area for a sorbate 
molecule is commonly considered to be the 
least certain step in caleulating surface area 
from adsorption data, whether by the B.E.T. 
or liquid-state sorption methods. Previously 
(4), a coverage area of 27 A2 had been assigned 
to the glycerol molecule; liquid density had 
been assumed for the glycerol monolayer and 
a molecular thickness of 4.5 A., as derived by 
x-ray diffraction, had been employed. A 
basal spacing leading to this same thickness 
was subsequently obtained for a monolayer 
glycerol complex of montmorillonite (71). A 
lesser monolayer thickness, approximately 
4.1 A., has been observed (1/2) for glycerol- 
treated specimens of montmorillonite each 
of which had been saturated with one of a 





3 This determination was kindly performed by Dr. Paul 
Seligmann, Portland Cement Association, 


series of small amine cations. This thickness 
is the same as the average thickness of the 
glycerol molecule in a two-layer glycerol 
complex and was used by Jackson (13) when 
he computed a factor for estimating surface 
areas from retention results for both mono- 
layer and duolayer glycerol complexes. With 
Jackson’s computed factor, a slightly larger 
coverage area of 29 A was calculated for the 
glycerol molecule. 

A scale model of the glycerol molecule was 
assembled from a Fisher-Taylor-Hirschfelder 
atom model kit. Measurements of clearance 
thickness and coverage area were made for 
various conformations of the molecule, the axis 
of the carbon chain being maintained in an 
orientation approximately parallel to the 
assumed basal clay surface. The molecular 
coverage areas were measured by placing the 
model on a sheet of paper, drawing a smoothed 
outline, and estimating the area of the des- 
cribed figure by cutting and weighing. <A 
number of conformations having clearance 
thicknesses close to the 4.1 A. and 4.5 A.,, 
obtained experimentally, were examined. It 
was noted that more than one conformation 
could lead to the same thickness, and that 
-ach conformation could have a coverage area 
differing somewhat from others but with the 
same thickness. Coverage areus determined 
with the model generally were in the range of 
27 to 31 A.2, which indicated the reasonable- 
ness of the assigned areas of 27 and 29 A 

Inasmuch as a unique conformation could 
not be assigned to a given layer thickness, it 
was impossible to select a unique measurement 
of coverage area corresponding to each of the 
two thicknesses. Therefore, a figure of 27 A? 
as the coverage area for a glycerol molecule 
was employed in this study for surface area 
computations irrespective of the monolayer 
thickness. Correspondingly, it was caleu- 
lated that 1 milligram (mg.) of glycerol in the 
form of a monolayer occupies 1.76 square 
meters (m.?) of external surface, and 3.53 m.2 
of surface area when interleaved between udja- 
cent montmorillonite layers. Similarly, 1 m. 
of external surface retains 0.568 mg. of gly- 
cerol, and 1 m.? of internal surface retains 
0.284 meg. of glycerol. 


Glycerol Retention Results in Terms 
of Interpillar Area 


The interpillar areas were determined by 
use of the glycerol retention results (shown in 
column 5 of table 1) and the surface coverage 
factors set forth in the preceding paragraphs. 
To determine these areas, 15.3 mg. of glycerol 
per gram of clay, corresponding to the external 
surface (27 m.?/g. X 0.568 mg./m.2 = 15.3 
mg./g.), was subtracted from the glycerol 
determinations and the remainder multiplied 
by the factor for glycerol on internal surfaces, 
3.53 mg. The results for both untreated clay 
and clay treated with each of the saturating 
tations are shown in the last column of table 1. 
Because of the natural impurities in the ben- 
tonite, the area of 624 m.?/g. is considered 
reasonable for the interlayer surface area of 
the untreated clay, although it is less than the 
area of from 760 to 800 m.?/g. commonly 
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ascribed to pure montmorillonite. All these 
data show that the interlayer area available 
to glycerol after the formation of amine-cation 
pillars is substantially less than that of the 


untreated clay. These areas are approxi- 
mately 400 m.?/g. for methylamine and 


dimethylamine saturated clay; 300 m.?/g. for 
saturations with ethylamine, trimethylamine, 
and tetramethylamine; 150 to 200 m.?/g. for 
diethylamine and di-n-propylamine; and less 
than 50 m.2/g. for the larger tertiary amines 
and tetraethylamine. For clay saturated with 
tri-n-butylamine, it is apparent that no 
remaining interpillar surface is available to 
glycerol, the retention of 15.7 mg./g. being 
essentially the same as the 15.3 mg./g. 
expected for the external surface of the clay. 

Some interlayer space apparently still was 
available for glycerol sorption even when the 
montmorillonite had been treated with such 
relatively large cations as triethylamine and 
tetraethylamine, for which an essentially com- 
plete exchange of cations had been accom- 
plished; and with tri-n-proplyamine, for which 
the exchange had been somewhat less than the 
full exchange capacity. But, with the tri-n- 
butylamine, the more limited amine cation 
population apparently had occupied the inter- 
layer space to such an extent that glycerol 
molecules were unable to enter. 


Interpillar Coverage 


An explanation of the interpillar coverage 
must rest on a realistic consideration of the 
distribution of cation sites with respect to the 
planar surface of the clay. Each cation in the 
monolayer of the amine-saturated clay is 
bonded to one of the two adjacent clay 
surfaces and occupies an area equal to its own 
cross-section on the surface to which it is 
bonded and at the same time it occupies an 
equal area on the other clay surface with 
which it is in contact. From the total surface 
area of the original clay and the cation ex- 
change capacity (table 1), the average area 
available per exchange site was calculated as 
120 A.2; consequently, half this area, 60 A.?, 
is the cross-section area available per site. 
Based on two-thirds of a charge per unit cell, 
the theoretical total and cross-section area 
available for exchange per unit cell of mont- 
morillonite would be 140 A2 and 70 A2, 
respectively. Therefore, as a first approxi- 
mation, the cation positions may be visualized 
as distributed over the planar surface in the 
form of a rectangular net with a unit mesh 
area of 60 A.2 in which the nodes, representing 
the centers of the cation postions, are 7.7 
A. apart. 

Obviously, for a glycerol molecule to enter 
an incompletely packed monolayer, such as 
that described in the preceding paragraph, 
sufficient room must be available between the 
individual cations. Examination of an atom 
model indicates that the smallest width of the 
glycerol molecule in an interlayer complex is 
approximately 5 A. Accordingly, if the cat- 
ions were fixed in rigid positions 7.7 A. 
apart, a glycerol molecule could enter between 
them only if the width of the cations was less 
than 2.7 A. As this critical width is much 
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smaller than the Van der Waals diameter of 
a methyl group, saturation of the clay with 
any of the amine cations used in this study 
should almost exclude glycerol molecules from 
the interlayer spaces. But data from this 
study indicated that with most of the cations 
used for saturation, substantial numbers of 
glycerol molecules did enter and were retained 
in the interlayer spaces of the saturated clay. 
Thus, considering the distribution of cation 
positions in the monolayer as being of a fixed, 
geometrically-regular pattern is clearly 
inadequate. 

If the individual cations were considered to 
have a degree of mobility sufficient to permit 
the entrance of some glycerol molecules, the 
process generally would be more in accord 
with the experimental results. However, un- 
less the sum of the diameters of the cation and 
the glycerol molecule happened to be fortui- 
tously close to the distance between cation 
sites, the resulting, mixed monolayer would 
still have a considerable unoccupied space, as 
the lateral adjustment of a cation to widen a 
channel sufficiently to accommodate a glycerol 
molecule would correspondingly constrict the 
opposite channel. 


Possibly a more realistic consideration of 
the cation distribution is that the interlayer 
cations are located in association with the 
cavities of the oxygen rings of the silica sheets. 
Although the sources of charge deficiency in 
the octahedral or tetrahedral layers are not cen- 
tered directly below these cavities, it has been 
demonstrated that small cations tend to enter 
the cavities when the clay is dried. There are 
two cavities for each planar face of the mont- 
morillonite unit cell, and the total number 
for a montmorillonite of a given surface area 
may readily be calculated. The cation ex- 
change capacity of the experimental mont- 
morillonite suggests that slightly more than 
one-third of these cavities may have cations 
associated with them. It may be assumed 
that, although the arrangement of cavities 
themselves is highly regular in the silica sheets, 
the distribution of those that are associated 
with cations should be completely random. 
Moreover, because in a packet of unit layers, 
the stacking with respect to the a and b axes 
is known to be essentially random, the upper 
and lower oxygen rings that face on a given 
interlayer space are not normally superposed. 
Because of these factors, some of the cation 
sites must be quite closely spaced and others 
widely separated. 

Accordingly, for saturation with an amine 
cation of moderate size, those cations occupying 
the more closely spaced sites might themselves 
effectively fill the space between the sites, 
although those on the more widely spaced 
sites might leave empty channels of much 
greater width than would be expected on the 
basis of a uniform spacing of the cations. 
A continuous distribution of channel widths 
would thus be expected, ranging from zero 
to relatively large dimensions. If the cations 
were fixed in position, some channels would be 
too narrow to accommodate glycerol mole- 
cules; however, if a certain degree of mobility 
of the cations is permitted to allow for lateral 
readjustment during sorption of the glycerol, 
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the resulting mixed, glycerol-amine catior 
monolayer might be almost completely efficien 
in occupying the interlayer space. On thi 
basis, the area occupied by the pillars may bi 
calculated as the total interlayer area (62 
m.2/e. for clay of this study) minus the are: 
found to be covered by glycerol molecules 
Dividing this estimate of pillar area by th 
number of pillars present would yield a figur 
for the area occupied by an individual pillar 
and half of this would represent the cross 
section area of the pillar. Any vacant are; 
remaining in the mixed monolayer would, 0} 
this basis, be erroneously allocated to catio: 
occupation and, if the amount were significant 
the cross-section areas determined experi 
mentally in this study would be too high 
Comparison of such experimental data wit 
data obtained from atom models should pre 
vide a test of whether the vacant channel are 
is in fact negligible, and thus whether th 
glycerol retention technique provides a 
accurate measurement of interpillar surfae 
area. 











Caleulation 





In order to make this calculation for a give 
amine-treated clay it is necessary to estimat 
the number of cation pillars that are presen 
The total number of amine cations is readil 
calculated from the amine content, but it 
necessary to correct for the cations that a1 











present on external surfaces. Grim (14! 
apparently citing Hendricks, Nelson, an 
Alexander (15), suggested that about &§), 


percent of the exchange capacity of mon) 
morillonite is associated with planar surface) 
the remainder being due to broken bond sit# 
on the edges of the crystallites. Howeve 
A. Weiss (16) more recently obtained exper. 
mental evidence establishing that, for mic¢ 
vermiculite, and - montmorillonite, catic 
exchange at near neutral pH values is ass” 
ciated exclusively with planar surfaces. 
Weiss’ conclusion is adopted, the extern 
portion of the cation exchange capacity me 
then be estimated from the internal and e) 
ternal surface areas by assuming (1) that t) 
distribution of the cation exchange sites is t). 
same for all planar surfaces, whether intern 
or external, and (2) that as clay crystals a 
usually much larger in the a and b directio’ 
than in the ¢ direction, most of their extern 
surface is of the planar type, and the sm: 
proportion of exchange sites attributed to til 
edges of the crystals may be ignored. .j}- 
has been indicated, the external surface of t —- 
clay used in this study is 27 m.2/g., which} 
about 4 percent of the total surface. Accor: 
ing to these assumptions, the external ami} 
content would also bear this same relationsk) 
to the total amine content and, consequent} 
the internal or interlayer amine content wou! 
be about 96 percent of the total amount | 
amine found. . 











pied by the amine cations was calculated i? 
each of the several amine-treated produ 
on the assumptions given in the precedi! 
paragraph, and the determinations are list 
in the second column of table 2. Also list 
in table 2 are figures for the total number 
cations per gram of clay, the estimated numk 
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of pillars (96 percent of the total), the amount 
of interlayer area occupied per pillar, and the 
cross-section area of the pillar. The experi- 
mental estimates of cross-section area ranged 
Sfrom 8 A for methylamine to 77 A2 for tri- 
n-butylamine and, as expected, increased 
more or less regularly with increasing chain 
length and number of substituent alkyl 
groups. 


Comparison of Estimates 


, To provide for the proposed comparison of 
the estimates of interlayer area with cor- 
responding cross-section areas derived from 
» atom models of the cations, a set of the models 
was assembled from the  Fisher-Taylor- 
Hirschfelder kit. These models are designed 
} to reproduce accurately the essential geometric 
features of the cations on a scale of 1 centi- 
meter (em.) to 1 A. Outline tracings of the 
| coverage areas were made on paper, as illus- 
| trated for tri-n-propylamine in figure 1. As 
originally traced, the outlines contained a 
number of bulges and indentations, as indi- 
eated by the dashed line, but it was thought 
‘that smoothing and relaxing the outline, as 
indicated by the solid line, would provide a 
"more realistic measurement. Areas enclosed 
within the outlines drawn on this basis were 
estimated by cutting and weighing, and are 
listed in the last column of table 2. Two 


the models for outlining the coverage areas. 
For most of the cations, the orientation giving 

‘the minimum height was used; that is, with 
' the carbon chain parallel to the planar surface 
"of the clay. However, for the three smallest 


| embedded in the oxygen ring cavities, the 
' areas were outlined when the models were 
"| oriented with the long axis perpendicular to 
the planar surface. Outlined areas for the 
_ three cations in parallel orientations were sub- 
") stantially higher than those cited in the table, 
H' 16 A? for methylamine and 24 A. for di- 
' methylamine and ethylamine. Obviously, for 
'! these three amines the experimental estimates 
i} of cross-section area were in accord with those 
* outlined with a perpendicular rather than a 
parallel orientation. The matter of perpen- 


dicular orientation for these three cations is 
discussed in greater detail later in this article. 

In general, there was a very good agreement 
between the cation areas derived experi- 
mentally and those derived from the models, 
the maximum deviation being only about 15 
percent, except for methylamine. There was 
no indication that the experimental areas were 
systematically greater than those from the 
models, as would be expected if a substantial 
amount of vacant area were mistakenly 
ascribed to amine cation coverage because of 
incomplete penetration by glycerol. This 
consistently good agreement suggests that, for 
saturation with each of the amine cations, the 
amine cations and glycerol molecules occupied 
substantially all of the interlayer space, and 
it substantiates the validity of the measure- 
ment of interpillar area by glycerol retention. 
The virtually complete filling of the inter- 
pillar space by glycerol also supports the 
inference that, in general, the amine cations 
must have a considerable degree of mobility 
about the exchange sites; otherwise, they 
could hardly have arrived at such an efficient 
packing with the glycerol molecules. 


Effectiveness of Triethylamine 


In a previous study of the glycerol retention 
of soils and clays, Kinter and Diamond (17) 
used triethylamine saturation as a pretreat- 
ment designed to prevent the entry of glycerol 
into the interlayer spaces. From this study, 
however, although a full exchange complement 
of triethylamine cations was shown to have 
been adsorbed, the entry of a small amount of 
glycerol nevertheless appeared to have taken 
place. The glycerol retained after triethyla- 
mine saturation thus was not a strict measure 
of the external surface of this montmorillonite. 
In clays of a higher charge density, because of 
their larger number of exchange sites per unit 
of surface area, such widely-separated sites 
are less likely to occur than in the Wyoming 
bentonite. Therefore, a cation such as tri- 
ethylamine might be large enough to fill 
completely the interlayer spaces of a clay 
with a higher charge density. As, in general, 
only a very small part of the internal surface 


i] 
"! Table 2.—Experimental estimates of cation cross-section areas, and comparison of these 
: areas with areas measured from outline of models 
































t A B C D 
| Experimental) Coverage 
| Estimate of No. of cations} Interlayer estimate of | area per 
i interlayer Total No. of | assigned to clay surface | cross-section | cation from 
Cation clay surface jamine cations} interlayer covered per area per atom model 
covered by | per g. of clay | spaces per g. | cation pillar | cation outline 
| cation 1020 of clay 1020 =A+C =D)+2 
pillars ! = BX0.96 
= 
M x m.2/q. if A? A? A 
Methylamine_.<+_-_._.--.--.- 193 13. 26 12. 73 15.2 8 1 
UO AMINO seo o sek =e 293 8.78 8. 43 34.8 17 1 
Dimethylamine_.._._________- 230 8.07 7.15 29.7 15 17 
i Micthylamine =o ___ 02s -___ 412 5. 65 5, 42 76, 0 38 36 
| Di-n-propylamine____________- 468 5.10 4. 90 95. 5 48 7 
I Trimethylamine________.____- 303 5. 52 5. 30 5 7.2 29 29 
i Mriethylamine..-....-_.-___._ 601 5, 57 5, 35 112.3 56 48 
i Tri-n-propylamine___________ 575 4. 54 4. 36 131.9 66 64 
{ Tri-n-butylamine____________- 623 4. 20 4.03 154.6 77 83 
f) Tetramethyl-ammonium__-___- 354 5.79 5. 56 63.7 | 32 | 28 
Tetraethyl-ammonium_______- 590 5. 36 5.15 114.6 57 50 
! 


1 Original interlayer surface of clay (624 m.2/g.) minus interpillar surface covered by glycerol molecules. 
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Figure 1.—Characteristic outline of tri- 
n-propylamine cation model is represented 
by dashed line. The relaxed, solid outline 
was used to measure the cross-section area 
of the cation. 


of any montmorillonite is likely to be mis- 
takenly classed as external surface by this 
procedure, the estimation of the amount of 
internal surface present in a given sample and, 
consequently, the content of expanding 
minerals should not be seriously in error. 


Amine Content in Excess of Exchange 
Capacity 


The carbon analysis data showed that the 
smallest amines were adsorbed in amounts 
well above the cation exchange capacity. 
This was further confirmed by ignition loss 
determinations interpreted by the method of 
McAtee (1/8). Morel (19), however, has 
reported the adsorption of methylamine only 
in amounts equal to or less than the exchange 
capacity, as did Cowan and White (20) for 
ethylamine. Grim, Allaway, and Cuthbert 
(21) and Cowan and White (20) have reported 
excess adsorption, but only for somewhat 
larger amines than the three small amines 
used in this study. Cowan and White (20) 
considered that the excess amine must be 
present either as molecules of the free amine 
or of the amine salt. Finding by analysis 
that their amine-treated clay did not contain 
adsorbed anions, they concluded that there 
had been no adsorption of amine salt molecules 
and that the excess therefore was present as 
free amine. Although they did not make pH 
measurements, they assumed that the ad- 
sorption of free amine had caused a lowering of 
the pH in their clay-amine salt solution 
mixture, as a consequence of the production of 
HCl according to the reaction: 


RNH + saturated clay + RNH;Cl@— 
(RNH - saturated clay) (RNH),) + HCl 


Grim and coworkers (21) found that sorption 
of excess amounts of dodecylamine from a 
dodecylamine acetate solution was accom- 
panied by a drop in pH from 7 to 5.6. In this 
study, pH measurements were made on the 
mixture of dry clay and l-normal methylamine 
hydrochloride solution, but the initial pH of 7 
remained essentially unchanged. 
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To determine whether the amine content of 
the methylamine-treated clay, prepared and 
washed as previously described, was merely 
an intermediate stage in the process of removal 
of excess amine by hydrolysis, a newly- 
prepared methylamine-treated clay was sub- 
jected to successive centrifuge washing treat- 
ments with the acetone-water wash solution, 
and a portion of the clay was removed at 
each stage and analyzed by ignition for methyl- 
amine content. The results indicated that (1) 
3.0 milliequivalents of amine per gram of clay 
were present on the treated product prior to 
washing; (2) after a single washing, the amine 
content had dropped to 2.1 milliequivalents 
per gram; and (2) as many as nine additional 
centrifuge washing treatments had not caused 
any further significant removal of the amine. 
Therefore, the amine obviously does not 
undergo significant hydrolysis on repeated 
washing; and thus, the washed sample whose 
carbon analysis is reported in table 1 must 
have been at equilibrium with respect to the 
amount of amine present. An x-ray spectro- 
metric analysis of the same material indicated 
that it was essentially chloride-free. To check 
the possibility that chloride might initially 
have been adsorbed during the treatment and 
subsequently removed by the washing, the 
methylamine hydrochloride treatment and 
washing sequences were repeated on a fresh 
portion of the clay and the supernatant solu- 
tions analyzed for chloride. There was no 
indication of any adsorption of chloride by the 
clay at any stage. 


Nature of adsorbed amine 


In attempting to ascertain the nature of the 
excess adsorbed amine, it seemed reasonable 
to assume (1) that a complete exchange com- 
plement of amine cations was present in the 
methylamine-treated clay and (2) that amine 
in excess of this exchange complement could be 
present in one or more of three forms: 
additional amine cations, free amine or 
hydrated amine molecules, or un-dissociated 
molecules of the amine salt. For the excess to 
be present as amine cations would require 
that either an equal number of anions (chloride 
or hydroxyl) also be adsorbed to preserve the 
electrical neutrality of the solution or that 
the neutrality be preserved by a rather unlikely 
partial decomposition of the clay. As the 
analysis showed no adsorption of chloride, 
the excess definitely was not in the form of 
amine salt. Furthermore, because the pH 
was not lowered as would have occurred if 
hydroxyl ions had been adsorbed, it does not 
seem likely that the excess could have been 
in the form of cations. The remaining possi- 
bility—that the excess was free amine or 
hydrated amine molecules—also was not sup- 
ported by the experimental data. If the 
excess adsorbed amine had been in the form 
either of free amine or of hydrated amine 
molecules, the reaction suggested by Cowan 
and White (20) would have applied, and a 
marked lowering of pH should have been 
observed. The specific form of the excess 
amine therefore remains in doubt. 

Although the adsorption of large amounts 
of long-chain amines and quaternary ammo- 
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nium compounds on montmorillonite com- 
monly has been attributed to Van der Waals 
bonding, it would not be expected that the 
very small amines could be held by such 
bonding against repeated washing of the clay 
or drying at 110° C. It would seem, there- 
fore, that the retention of these small amines 
must involve an additional mechanism. One 
possible mechanism, as suggested by A. Weiss 
(16) is that free ammonia or small amine 
molecules could bond to montmorillonite by 
replacing water molecules in octahedral coor- 
dination around aluminum atoms exposed at 
the edges of the clay crystallites. Weiss de- 
termined experimentally that approximately 
0.2 to 0.3 milliequivalent of ammonia per 
gram of montmorillonite can be held in this 
way. His mechanism thus does not account 
for the determination in this study of ap- 
proximately 1.4 milliequivalents of excess 
methylamine. 


An explanation more in accord with the 
experimental data of this study is that the 
adsorbed amine material, consisting of both 
the complement of cations equivalent to the 
exchange capacity and the excess amine, 
might have been partially embedded in the 
oxygen ring cavities of the clay surface. It 
is thought that such embedding may have 
accounted for the ability of the clay to retain 
the excess amine against the subsequent 
washing and drying treatments. The embed- 
ding would involve orientation of the amine 
more or less perpendicularly to the clay surface. 
This embedding and perpendicular orientation 
is in accord with the results (22) obtained 
from oscillating-heating x-ray diffraction ex- 
periments; in these experiments the methyl- 
amine and dimethylamine cations adsorbed 
by montmorillonite from solutions of moderate 
concentration were so located and oriented. 
For the methylamine, this orientation pre- 
sumably would have either the amine group 
or the methyl group partially embedded in 
the cavity, with the remaining group located 
directly above, and the long axis of the amine 
would thus be perpendicular to the clay sur- 
face. A similar arrangement may be visu- 
alized for ethylamine except that, as the 
carbon-carbon bond of the ethyl group must 
maintain an approximately 110° angle with 
the carbon-nitrogen bond, the terminal group 
of the ethylamine must be offset from the 
perpendicular axis. For dimethylamine, as 
the amine group is in the middle of the mole- 
cule, one of the terminal methyl groups must 
be embedded in the cavity, the amine group 
must be located directly above, and the other 
methyl group must be offset to maintain the 
required bond angle. 


As previously noted, the experimental cross- 
section areas given in table 2 strongly support 
this perpendicular orientation for these three 
amines. Also, asindicated in part I, x-ray dif- 
fraction measurements of the separation be- 
tween the clay layers in montmorillonite 
saturated with these three amines were con- 
sistent with perpendicular orientation ‘and 
embedding. Although the long dimensions 
of the amines as measured from models were 
from 1.6 to 2.3 A. greater than the observed 
distances between the clay layers, the 2.4-A. 


depth of the cavities (23) is sufficient to 
permit this perpendicular orientation. 
The — specific 


amine with the cavities. From the widely- 


accepted Hofmann-Endell-Wilm structure, it 


may be calculated that there are approxi- 


mately 1.610?! cavities per gram of pure — 
The analysis given in table 


montmorillonite. 
2 for the methylamine-saturated bentonite 


indicates that the amine content was equiva- — 
lent to approximately 1.3102! methylamine ~ 
cations per gram of clay. The bentonite — 
used was not fractionated or otherwise puri- — 
fied; from the observed interlayer surface of 
624 m.2/g. as compared to the theoretical — 


760 m.?/g. for pure montmorillonite, the 
bentonite was estimated to contain about 82 
percent of montmorillonite. Accordingly, the 
expected number of cavities per gram of the 
bentonite would be about 1.310%!, which 
is in agreement with the amount of amine 
indicated to be present by the carbon analysis. 
It is noted, however, that for dimethylamine 


and ethylamine the estimates of the total 


number of amine cations per gram of clay, 
0.81107! and 0.881074, were considerably 
less than this. According to this interpreta- 
tion, the cavities associated with exchange 
sites would have been fully occupied by 
amine cations, and the excess amine would 
have been sufficient to occupy only slightly 
more than half of the remaining cavities. 
In view of the restricted layer separations 
indicated by x-ray diffraction, even for wet 


amine-treated clay, the failure of the two-_ 


carbon amines to occupy all of the available 
cavities may have been due to the purely 
physical difficulty of becoming oriented so as 
to be able to enter the cavities. 


REFERENCES 


(1) Sorption and Intercalation by Methyl 
Ammonium Montmorillonites, by R. M. 
Barrer and J. 8. 8. Reay, Transactions of the 
Faraday Society, vol. 53, Part 9, Sept. 1957, 
pp. 1,253-1,261. 

(2) Activation of Montmorillonite by Ion 
Exchange and Sorption Complexes of Tetra- 
Alkyl Ammonium Montmorillonites, by R. M. 


Barrer and D. M. MacLeod, Transactions of — 


the Faraday Society, vol. 51, Part 9, Sept. 
1955, pp. 1,290—1,300. 

(3) Surface Areas of Clay Minerals as De- 
rived from Measurements of Glycerol Retention, 
by Sidney Diamond and E. B. Kinter, in 
Proceedings of the Fifth National Conference on 
Clays and Clay Minerals, 1956, Clays and 
Clay Minerals, 1958, National Academy of 
Science—National Research Council, No. 566, 
pp. 334-347. 

(4) Gravimetric Determinations of Mono- 
layer Glycerol Complexes of Clay Minerals, by 
E. B. Kinter and Sidney Diamond, in Pro-— 
ceedings of the Fifth National Conference on 
Clays and Clay Minerals, 1956, Clays and 
Clay Minerals, 1958, National Academy of 
Science—National Research Council, No. 566, 
pp. 318-333. 

(5) Total Surface of Clays in Polar Liquids 
as a Characteristic Index, by R. 8. Dyal and 


August 1962 e PUBLIC ROADS 


Fy 


amount of methylamine | 
adsorbed also suggested an association of the © 














| 


| 
| 


| 





§. B. Hendricks, Soil Science, vol. 69, No. 6, 
June 1950, pp. 421-432. 

(6) The Swelling of Organophilic Mont- 
morillonites in Liquids, by R. Greene-Kelly, 
The Journal of Colloid Science, vol. 11, No. 
1, Feb. 1956, pp. 77-79. 

(7) Soil Chemical Analysis, Chapter 4, 
Cation Exchange Determinations for Soils, by 
M. L. Jackson, 1958, p. 64. 

(8). Base Exchange of the Clay Mineral 
Montmorillonite for Organic Cations and its 
Dependence upon Adsorption Due to Van der 
Waals Forces, by 8. B. Hendricks, Journal of 
Physical Chemistry, vol. 45, No. 1, Jan. 1941, 
pp. 65-81. 

(9) Organic Cation Exchange Properties of 
Calcium Montmorillonite, by W. H. Slabaugh 
and F. Kupka, The Journal of Physical 
Chemistry, vol. 62, No. 5, May 1958, pp. 
599-601. 

(10) Adsorption of Water Vapor by Mont- 
morillonite: Part I. Heat of Desorption and 
Application of B.E.T. Theory, by R. W. 
Mooney, A. G. Keenan, and L. A. Wood, 
Journal of the American Chemical Society, 
vol. 74, No. 6, Mar. 1952, pp. 1,367-1,371. 

(11) The Orientation of Organic Molecules 
Adsorbed on Clay Mineral Surfaces, by G. W. 
Brindley and R. W. Hoffman, a paper pre- 
sented at the Ninth National Conference on 
Clays and Clay Minerals, Purdue University, 
Oct. 1960. 





A 16-mm. color film on the AASHO Road 
Test has been released by the Bureau of 
Public Roads. The 27-minute film, entitled 
Materials and Construction, describes the 
engineering characteristics of materials, the 
construction methods, and the quality control 
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- for the Ottawa, IIl., research project. 


The AASHO Road Test comprised a huge 


_ outdoor research laboratory provided to study 


the behavior of pavements of varied composi- 
tion and thickness and bridges of varied 
design under the application of controlled 
weights and frequencies of traffic. Extensive 
efforts were made to construct highly uniform 
facilities for the Road Test in order to relate 
performance of the pavements directly to 
design and loading. The film illustrates the 
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Materials and Construction 
AASHO Road Test Film 


several unusual construction methods em- 
ployed and includes numerous animated 
graphs and charts showing materials’ char- 
acteristics and the results of quality control 
testing. 

The film was produced by Public Roads in 
cooperation with the Highway Research Board, 
which administered and directed the project for 
the sponsor, the American Association of State 
Highway Officials. The project was financed 
by the States, Public Roads, and industry 
with the cooperation of the Department of 
Defense. Public Roads photographers made 
a complete motion picture and still photo 
record of the Road Test from the beginning 
of construction in 1956 until the end of post- 
traffic testing in 1961. The present film covers 
the 1956-1958 period. 


A second film, Pavement Research, is in 
production. This film will describe the tests 
made on the rigid and flexible-type pavements, 
the rationale for analysis of data, and the 
principal test results. Finished prints of this 
second film will be available early in the fall. 

Prints of the film on Materials and Con- 
struction are available on a loan basis from 
the Bureau of Public Roads, Photographic 
Section, 1717 H Street NW., Washington 25, 
D.C. These prints may be borrowed by any 
responsible organization. There is no charge 
other than for express or postage fees. 
Requests should be submitted well in advance 


‘of the desired showing date, and alternate 


dates should be indicated, if possible. 
Immediate return is required. Inquiries 
about purchase of the film should be addressed 
to the Public Roads Photographic Section. 
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Resistance of Concrete Surfaces 


to Sealing by De-Ieing Agents. 


BY THE DIVISION OF PHYSICAL RESEARCH 


BUREAU OF PUBLIC ROADS 


This article presents the results of the 
continuation of tests made by the Bureau 
of Public Roads as part of its investiga- 
tion of materials and procedures for 
protecting concrete pavements against 
the scaling and disintegration caused by 
the use of calcium chloride as a thawing 
agent foriceremoval. Dataare presented 
on the continuation of outdoor tests in 
which concrete slabs that previously had 
been exposed for two winters, 51 cycles of 
freezing and thawing, were continued for 


three additional winters through 154 
cycles of freezing and thawing. For 


convenience, data reported in previous 
articles on the results of the first two 
winters of testing have been repeated in 
tables included in this article. 

Data are also presented from an investi- 
gation made of the effect that protective 
coatings or admixtures might have on the 
control or prevention of scaling of the 
concrete caused by de-icing agents. 


Introduction 


NS ARTICLE on resistance of portland 
cement concrete to surface sealing by a de- 
icing agent (1)? appeared in a previous issue 
of this magazine, in which the results were 
reported on tests of concrete slabs 
weathering. At the 
time of the previous article, the specimens 
had been exposed for two winters and sub- 


small 


subjected to outdoor 


jected to 51 eyeles of freezing followed by 
thawing by calcium chloride. Subsequently, 
exposure of some of the specimens was con- 
tinued for three more winters; the slabs were 
subjected to a total of 154 cycles of freezing 
and thawing before the tests were discontin- 


ued. As the study continued, additional 
tests were made on similar specimens to 
study: (1) the effect of various protective 


coatings on the top surface of the concrete, and 
2) the effect of admixtures in the concrete 
for the control or prevention of scaling. 


1 Presented at the 41st annual meeting of the Highway 
Research Board, Washington, D.C., January 1962. 

* References indicated by italic numbers in parentheses 
are listed on page 73. 
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Conclusions 





Effect of air-entraining admixtures.—All 
of the air-entraining admixtures used were 
effective to different degrees in delaying the 
start of significant scaling. The salts of 
proteinaceous materials, and some of the 
synthetic detergents and some of the salts 
of wood resin, were less effective than the 
other air-entraining agents. 


Effect of type of base.—The scaling of con- 
crete was less pronounced when the concrete 
was cast in a mold with a sand base than when 
east in a mold with a watertight metal base. 
No. significant scaling was shown by air- 
entrained concrete cast on a sand base if the 
air content was more than 8 percent. Signif- 
icant scaling was found on some air-entrained 
concrete cast on metal bases with air contents 
as high as 7.4 percent. For concrete contain- 
ing 7.5 percent or more of air, no significant 
sealing developed regardless of type of base 
of mold. These findings are interpreted to 
mean that, if concrete containing the usual 
specified amount of air (8 to 6 percent) is 
placed on a waterproof base, scaling may 
develop if de-icing chemicals are used. 


Effect of portland cement.—Concrete pre- 
pared with a low-alkali portland cement was 
more resistant to scaling than concrete pre- 
pared with a high-alkali cement. 


Effect of slag cement.—No_ appreciable 
difference was found regarding resistance to 
scaling of concrete prepared with portland 
cement or portland blast-furnace slag cement 
from the same mill. 


Effect of fly ash.—Concrete prepared with 
5% bags of portland cement and 1% bags of 
low-carbon fly ash per cubie yard was equal 
in resistance to sealing to the concrete con- 
taining 6 bags of cement and no fly ash; and 
it was superior to concrete containing 4 bags 
of cement and 2 bags of fly ash. Fly ash of a 
high carbon content generally was inferior to 
low-carbon fly ash for use in concrete. 


Effect of type of curing.—Concrete given no 
moist curing other than storage in room air 
at 50 percent relative humidity had better 
resistance to sealing than concrete given moist 


curing for 3 to 28 days. Membrane curing 











Reported! by WILLIAM E. GRIEB, 
GEORGE WERNER, and DONALD O. 
WOOLF, Highway Research Engineers 


gave some protection against attack by ecal- 
cium chloride as long as the film remained 
unbroken. Other types of curing materials 
applied shortly after the concrete was cast 
were of some benefit in delaying the develop- 
ment of scaling. 

Effect of vacuum treatment.—Concrete sub- 
jected to a vacuum treatment on the exposed 
surface was more resistant to sealing than 
similar but untreated concrete. 

Effect of surface treatments —Protective sur- 
face treatments, usually applied 14 to 28 days 
after the concrete was cast, in general delayed 
but did not prevent the development of 
sealing. 

Effect of silicone admixture-—An aqueous 
silicone solution used in proper amount as an 
admixture for concrete was effective in pre- 
venting sealing. The silicone admixture also 
increased the compressive strength of the con- 
crete and caused a marked retardation of the 
setting time. 

Effect of latex emulsion admixture.—An emul- _ 
sion of polystyrene latex used as an admixture | 
for concrete was effective in preventing scaling — 
but the concrete so prepared contained 10 | 
percent or more of air. 

De-icing agents—Of the several de-icing 
agents tested, calcium chloride was found to 
be the most effective and to cause less scaling 
of concrete. 

Preventive measures.—In addition to the 
materials or treatments mentioned favorably 
in preceding paragraphs, scaling of concrete 
can be prevented or reduced by the elimina- 
tion of waterproof coatings or sheetings on the 
subgrade, by the reduction of the water- 
cement ratio, and by permitting the concrete 
to dry before it is first frozen. For concrete 
placed shortly before freezing is anticipated, 
wet curing of the concrete should be minimized. 




























Description of Tests 


A general description of the outdoor expo- 
sure test is, as follows: 

@ The slabs were 16 by 24 by 4 inches ir 
depth with a raised edge or dam around the 
perimeter of the top surface. Except where 
noted, the slabs were cast in watertight molds 
with metal bases. The top surface of eacl 
was given a light broomed finish about 2% toé 


a 
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Figure 1.—Exposure area. 


i 

La after molding and just prior to the 
‘pplication of the initial curing, if such was 
pplied. Except when other methods of initial 
uring are noted, the slabs were covered with 
yet burlap for 24 hours and were moist cured 
cor 2 or more days. The slabs were placed 
‘a the outdoor exposure area usually at an 
.ge of 28 or more days. Sometimes freezing 
vnd thawing was started immediately after 
‘xposure and sometimes it was started as 
nuch as 6 months later. 

| ® The materials used were type I or IS 
hements, siliceous sands having a fineness 
nodulus of 2.70 to 2.90, and a crushed lime- 
stone of 1 inch maximum size. The concrete 
was mixed and the slabs cast in accordance 
with standard laboratory procedures. The 
slump was 3 inches, plus or minus one-half inch, 
and, except where noted, the cement content 
was 6 bags per cubie yard. Both air-entrained 
and non-air-entrained concretes were included 
in these tests. The air content for air- 
entrained concrete was usually 5% percent, 
plus or minus | percent. 


® During cold weather when freezing was 
expected, the top surface of each slab was 
covered with one-fourth to one-half of an inch 
of water. The next morning after the water 
had frozen, commercial calcium chloride flakes 
were applied uniformly at a rate of 2.4 pounds 
/per square yard of surface. After the ice had 
melted, usually about 3 or 4 hours later, the 
surface of the slabs was flushed with water 
|from a hose to remove the chloride solution 
| and to leave fresh water for the next freezing. 
Only one cycle of freezing and thawing was 
(obtained each day. A view of the exposure 
area is shown in figure 1. 
@ The slabs were examined at intervals and 
_Tated for surface sealing. The ratings were 
, based on visual observations of the extent and 
| depth of the scaling. The slabs were washed 





| thoroughly and loose mortar remoyed from 
| the surface prior to rating. 


A general de- 
Seription of the numerical ratings is as follows: 
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a. 






QO—no scale. 


1—scattered spots of very light 


seale. 
2—scattered spots of light scale 
with mortar surface above coarse 


aggregate removed. 

3—light scale over about one-half 
of the surface. 

4—light scale over most of the 
surface. 

5—light scale over most of the sur- 
face, with a few moderately deep 
spots, where the mortar surface was 
below the upper surface of the coarse 
aggregate. 

6—scattered spots of moderately 
deep scale. 

7—moderately deep 
one-half of the surface. 

8—moderately deep scaling over 
entire surface. 

9—secattered spots of deep scale 
with the mortar surface well below 
the upper surface of the coarse aggre- 
gate; moderately deep 
sealing. 

10—deep scale over entire surface. 


seale over 


otherwise 


A rating of 5 or more would indicate signifi- 
‘ant or major scaling. The ratings given 
the slabs were based on the judgment of 
different observers at the various times that 
the observations were made, which accounts 
for occasional © slight Typical 
examples of slabs with ratings of 2, 5, 7, and 
10 are shown in figure 2. 


RESULTS OF CONTINUATION OF 
PREVIOUSLY REPORTED TESTS 


The outdoor exposure that 
previously reported (1) through 51 cycles of 
freezing, followed by thawing with calcium 
chloride, were continued through 154 cycles. 
The results of these tests are given in tables 1 
to 5 inclusive and continue the presentation of 


reversals. 


tests were 


data reported in tables 16, 17, 19, 20, and 21 
of the previous article. In addition, ratings 
are given here for 79, 131, and 154 eycles. 
At the end of each winter, many of the speci- 
mens that showed significant scaling, con- 
sidered to be a rating of 5 or more, were dis- 
carded to make room for additional specimens. 


Air-Entraining Admixtures 


The effects of air-entraining admixtures on 
the resistance of concrete to scaling are shown 
in tables 1 and 2. All of the 
trained slabs had severe scaling at 17 cycles 
and were given a rating of 10 (deep scaling 
over entire surface) by 39 cycles. With some 
exceptions, the slabs with the air-entraining 
admixtures had excellent 
action of calcium chloride. Poor 
to sealing was shown by the slabs 


non-air-en- 


resistance to the 
resistance 
vast on 
metal bases that had been prepared with the 
admixtures classified as salts of proteinaceous 
materials, some of those classified as salts 
of wood resin, and some classified as synthetic 
detergents. No tests were made to determine 
the relative size and number of entrained air 
voids caused by the various types of air- 
entraining admixtures. Large voids might 
explain the poor resistance that was shown 
by some of these concretes. 

Table 1 gives the results for slabs cast on 
metal bases, and table 2 gives the results for 


slabs cast on sand bases. A comparison of 


he data given in tables 1 and 2 shows that, 
generally, the action of calcium chloride was 
less severe on air-entrained concrete cast on 
bases than on 


sand similar concrete cast 


RATING 
2 


RATING 
5 


RATING 
7 


RATING 
10 





Figure 2.—Examples of typical ratings used 
to evaluate surface scaling of specimens 
subjected to outdoor freezing and thaw- 
ing by calcium chloride. 
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on watertight metal bases. Sixteen of the 
55 slabs cast on a metal base had significant 
scaling. Only one of the 16 slabs cast on a 
sand base had similar scaling, but the con- 
crete of this slab contained only 2.6 percent 
of air. 

Half of the specimens, as shown in tables 
1 and 2, were prepared with cement A, and 
the other half were prepared with cement B. 
A comparison of the results indicates that 
the air-entrained slabs with cement B in 
general were not as severely attacked as 
those containing cement A. Nearly the 
same number of slabs prepared with each 


Table 1.—Effect of air-entraining admixtures on resistance of concrete to scaling for slabs cast on metal bases ! 





cement showed significant scaling. Of the 
air-entrained specimens that showed signifi- 
cant scaling, those prepared with cement A 
had air contents of 5.5 to 7.4 percent, and 
those prepared with cement B had air 
contents of 2.6 to 6.0 percent. The lower 
air contents for slabs with cement B tended 
to mask the effect of this cement on the con- 
crete’s resistance to scaling. The data in- 
dicate that, for equal air content, slabs pre- 
pared with cement B had better resistance 
to scaling than those prepared with cement A. 
One significant difference between the cements 
was the alkali content. Cement A had a 


high alkali content of 1.09 percent, express¢ 
as sodium oxide, and cement B had an alka 
content of only 0.14 percent. The chemie 
analyses of these two cements are given 
table 1 of reference 7. These slabs of a 
entrained concrete had very little addition 
scaling after 51 cycles. Only once was th 
increase in numerical rating more than ty 
for specimens carried through 154 cycle 









Use of Fly Ash 


The effect of fly ash, as a replacement fe 
part of the cement, on the resistance of con 































































































































































































































































































Cement A Cement B 
Admixture number 4 Air, Rating after freezing and thawing 2 for eycles— AIT. Rating after freezing and thawing 2 for cycles— 
per- per- 
cent cent 
12 17 39 51 79 131 154 12 17 39 51 79 131 154 
BASE Mix: No AIR-ENTRAINING ADMIXTURE 
Non@s = 20-50" fe oe ee eee 1.8 6 10 10 10 OU) hes eee ee 1.0 4 8 10 10 out 7. 22se eee 
DO, 225202 2 Si eee eee ky 2.1 1 5 10 10 OUD RTS aee uso ene 2.1 8 10 10 10 OUb me cee Se ee 
DOtes Pee ee nee cee 1.8 8 10 10 10 OUT Pain teree alleen ee ed 8 10 10 10 Ott ty Sree eee 
D0..2, 0 ee ee a ee 1.9 6 10 10 10 OUb eC] Lae =| eae 1.1 8 10 10 10 Out: |) saa 
D025. Sea ee eee ee eee 1.0 8 10 10 10 Outs | =e ees eee 0.6 3 10 10 10 Out: £5 |e see ee 
SALTS OF WOOD RESIN 
eh ee oS Peek, a See ae FL 6.1 1 1 1 2 2 2 2 5.7 0 1 1 1 3 3 3 
yay Boe at Se ek |. she Se eee! be Boe Wee 1 1 3 6 GUE. || Yeas eae ee 5.7 1 1 2 3 4 4 5 
Sake ke eee ee eee 6.0 1 1 2 2 3 3 3 6.5 1 1 2 2 2 2 2 
Ae eS Ss hg on ee 6.1 1 3 6 7 OUUMipeaseeat| meta. 6.0 1 1 2 3 4 5 5 
Uo oer Re casera Ions sce gs eee 4.9 1 1 1 2 3 3 3 6.6 1 1 2 2 3 3 3 
jE hn Bae SF eS ee Bees i, 38 6.3 il 1 1 1 3 3 4 5.1 iL 1 2 3 3 3 3 
Was 3 5 SSIS sss ene oro Ses Bal 1 1 1 7 2 y} 2 7.8 2 2 2 2 3 3 3 
lect pea bed see ee ee ee 4.0 1 2 2 3 4 4 4 5.6 1 2 2 3 4 3 4 
sete ls oh eS Ae Adie oe nt ae ST 6.4 0 1 1 1 2) 2 2 6.4 1 1 1 2 3 3 3 
SYNTHETIC DETERGENTS 
100 See Se SR ean ale Fey Alea 2 2 4 4 4 5 5.6 0 1 1 2 2 3 3 
14 ian IN es ae a eS eee ee oe 5.4 1 1 2 3 3 4 4 4.6 1 2 2 2 2 3 3 
tS CY ee A ee | 6.3 0 1 3 5 OUT | eee ie eee 4.8 1 5 i 8 7 7 7 
26:2. Bel eee 8.4 0 1 1 1 2, 2, 2 4.9 1 1 1 1 2 2 2 
Pi a el. Sere eRe EE) See DES Se 5.6 a 1 vf 9 OllGne | eeree oncnSohi|-seececd| Soca a Pe Pa a 
SALTS OF SULFONATED LIGNIN 
US Su Sue Sere 2 ee a eee ee ae 7.0 1 1 1 2 2 2 2 6.5 1 1 1 1 2 2 2 
19 Sea ee See ee ay Rt 3.7 1 1 1 2 3 3 3 2.8 2 4 5 7 in OUG Re nes 
21 fan 42k et, Soe ee eee 5.1 ai 1 1 2 2 3 2 5.5 0 1 2 2 2 3 2 
SALTS OF PETROLEUM ACIDS 
bE ee aS Sere hn BE 7.4 0 1 2 4 4 6 6 6.7 1 1 1 1 3 3 2 
Boies anne aay ena ee aoa ep bad 6.5 1 1 1 1 2 2 2 4.1 1 1 1 3 4 5 5 
lnk goalie eee ee na oe MES Ee CA ll ey trae 3] ee | A Sl | ees Si Le eens ALP eee 5.1 1 1 2 2 3 3 3 
SALTS OF PROTEINACEOUS MATERIALS 
Oe go 5.5 1 1 4 9 OULES |) f= ee 4.3 1 2 4 8 out; *} Soe eee 
7); SRO Men: ee Ba AON & AN Dy 6.3 0 1 3 6 ODT ie tse No eee 4.1 1 1 2 6 OUU. At Sera eee 
FATTY AND RESINOUS ACIDS AND THEIR SALTS 
; oS ee, Be ne aes 7.6 0 1 1 3 3 3 3 8.4 1 1 1 1 2 2 2 
 PMEMRE DeRGe” geommepaeeces Nees ee 2s kes tet betas ee ec le a eee ee 4.3 1 1 1 5 6 6 7 
On nnrnnerensnneanmbasannnsnansense 6.8 1 1 1 2 2 2 2 5.6 1 1 2 2 3 2 2 
-----~---------------------------- 6.7 0 1 1 2 2 2 2 5.5 1 1 1 2 2 2 2 
ORGANIC SALTS OF SULFONATED HYDROCARBONS 
DB ana wnt ose Ree es hw een | 7.5 | 1 1 | 1 2 2 2 2 5.6 | 1 | 1 | 1 | 3 | 4 | 4 | 4 
MISCELLANEOUS 
1 ee ee A ee a wot Le 5.7 1 1 1 2 3 3 2 4.5 1 2 2 2 2 3 3 
tenner ten nn----------------------. 5.7 1 1 1 2 3 4 3 6.9 1 1 1 1 3 3 3 
_ 


1 Continuation of tests reported in table 16 of reference 1. 


exposure area in July. The slabs were 
? Each rating represents one slab. 














*Numbers 1 through 27 correspond to those given in reference 4. 
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E Slabs were made from February to June 1952, were stored in moist air for 30 to 120 days, and all slabs were stored in 
6 months or more old when freezing and thawing started. 
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Cement A 





Admixture number 3 





Rating after freezing and thawing 2 for eycles— 





| 17 39 51 79 131 154 


Table 2.—Effect of air-entraining admixtures on resistance of air-entrained concrete to scaling for slabs cast on sand bases ! 


Cement B 


Rating after freezing and thawing 2 for cycles— 





79 131 
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than 6 months old when freezing and thawing started. 
2 Rach rating represents one slab. 
3 Numbers correspond to those given in reference 4. 






ete to scaling is shown by data in table 3. 


7 


our different fly ashes were used in these 
‘sts; each fly ash was used as a replacement 
ir 33% percent of the cement in a 6-bag mix 
r both air-entrained and non-air-entrained 
merete. Fly ashes A and B had carbon 
tents of 0.2 and 0.6 percent, respectively; 
y ash X had acarbon content of 5.0 percent, 
ad fly ash Y had a high carbon content of 
. |.2 percent. 

All of the slabs prepared with non-air- 
itrained concrete had poor resistance to 
itack by calcium chloride, regardless of 
hether fly ash was used as a replacement for 
art of the cement. All showed moderately 
vep scaling over the entire surface, with a 
iting of 8, after only 17 cycles of freezing and 
lawing. The use of air-entrainment in- 
eased the resistance of the concrete to 
taling but the addition of fly ash to the mix 
id not prove beneficial. Better results were 
dtained with the fly ashes A and B, which 
ad low carbon contents, than with those 
aving a higher carbon content. 


Type of Curing 


Table 4 gives the ratings of concrete slabs 
ured by different methods. Two rounds of 
abs of non-air-entrained concrete and one 
ound of slabs of air-entrained concrete were 
ast outdoors on different days. Considerable 
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1 Continuation of tests reported in table 17 of reference /. 


























SALTS OF PROTEINACEOUS MATERIALS 
JS ps gg Se | 4.5 1 2 | 2 3 | 4 | 4 4 3.7 | 1 1 2 | 2 | 3 3 | 2 
Fatty AND REsINOUS ACIDS AND THEIR SALTS 
1D. the che ee | 4.3 | 1 2 | 2 | 2 3 3 3 4.2 | 1 2 2 | 2 | 3 | 3 | 3 
ORGANIC SALTS OF SULFONATED HYDROCARBONS 
CAS i. as Se Se eee 5.3 | 1 | 2 | 2 3 | 3 3 | 3 6.1 | 1 1 ui 1 3 | 3 3 








Slabs were made in June 1952, were stored in moist air for 30 days, then were stored in exposure area, Slabs were more 


difference in the resistance to scaling was 
observed between the two rounds of non-air- 
entrained concrete. All of the slabs in round 
one showed better resistance than those of 
round two. This difference might have been 
caused partly by the daily differences in 


atmospheric conditions such as_ relative 
humidity, temperature, wind velocity, and 
sunshine. Because of the poorer resistance 
of round two of the non-air-entrained concrete, 
differences in the resistance to scaling caused 
by curing were more apparent. Therefore, 


Table 3.—Effect of fly ash on resistance of concrete to scaling for slabs cast on metal bases '. 


i  —————————— 

















Rating after freezing and thawing ? for cycles— 
Cement Fly ash 3 Air,4 
percent 

12 17 39 51 79 131 154 
Ase eee INGneHeee soe 1.0 5 8 10 10 OtlGwe  laessneeoe= er 
(A ea eee 1.0 6 8 10 10 Otlbjaah joe eee oie 
IB Sasa 1.0 6 8 10 10 OUtwe few eee ue ap 
Oe ed ae eR 1.0 7 8 10 10 OU NS aso ee |S ee eee 
hig eee ee 1.0 6 8 10 10 OUD isha ees ke oa 

Ae INOne@ssEe ences 4.0 1 2 2 3 4 6 6 

[ASR ALS 4.6 2 3 3 a 5 5 6 
Bata 5.4 3 4 4 4 5 Outs 1S ee 
ie ee. - 4.9 4 6 if 7 8 OURRE. ae 2 
info sie 8 ne ee 4.3 4 6 6 7 8 rapwiirh il|we De Si 
13s 2 es se INONC 1.0 3 8 10 10 Cute @|> Seco epee 
JF ee Se ee 1.0 4 8 9 10 Ott eee Eee 
Bas: See 1.0 4 8 10 10 OC pie eee eee ee 
oe eee es 1.0 6 8 10 10 OUGy Ses ee ee 
PY ea Ee ee se 1.0 5 8 10 10 Oise eee ase 

aes On@sa- ene 6.8 1 2 2 2 3 4 3 

nore ers 4.0 i 2 4 4 5 5 6 
Bb ste eee 2 3.3 5 6 7 7 OG see ele eee 
OSA 5s, Oe 3.9 6 8 8 8 OU lana > Siete ah azar " 
Yu 5.8 6 8 8 8 OGRE ghee Be s\ SMP 





























1 Continuation of tests reported in table 19 of reference 1. Slabs were made in June 1952, were stored in moist air for 30 
days, then were stored in pe area. Slabs were more than 5 months old when freezing and thawing started. 


2 Bach rating represents one slab. 


3 When fly ash was used, 3334 percent of the cement was replaced by an equal volume of fly ash. 


4 Air content in non-air-entrained concrete was calculated 
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Table 4.—Effect of curing on resistance of concrete to sealing ! 




























































































1 Continuation of tests reported in table 20 of reference 7. 
molds after 3 days, and then were stored in exposure area. 
started. 

2 Each rating represents one slab. 

3 Curing was applied 1% hours after casting. 

4 Surface protective treatment was applied after 28 days. 


| ’ Rating after freezing and thawing ? for cycles— 
Type base | Initial curing 4 Surface treatment 4 Admixture 
| 12 17 | 39 | 51 79 | 181 | 154 
Non-AIR-ENTRAINED CONCRETE 5—ROUND 1 
Le 2 2 = | = 
Meta se SN One: >. SS ese 1 1 1 1 3 3 3 
elite hae Ss Ss BS ea eee 0 1 1 1 2 2 2 
Do SUPaD so noe Cae Seale 1 3 3 3 
Dos jee G0... See 0 1 1 1 3 3 3 
6-2 it ee 0 1 1 1 3 3 3 
10...) sr opera eee 0 1 1 1 3 3 3 
Do____| Membrane A 1 1 1 1 3 3 3 
Do_- Membrane B Os : 1 1 1 1 3 3 4 
Do. Lubricating oils =)aare = o (0 a eae = Sete Lubricating oil___-| 0 1 2 2 4 4 5 
Non-Ate-ENTRAINED CONCRETE 5—ROUND 2 

Metal. | (Nonst5 See 1 2 4 Gs outs eee ees 
Sand 222 e ee eas Be 1 2 2 3 4 7 9 
Do._--| Burlap i 3 3 4 ff 10 out 
1 Ws Re hy 9 S's Fe) 0 1 1 1 3 6 8 
Doze (ole ee as oO 1 ] 2 2 4 4 5 

Do..__| Papers aa | ee 1 2 4 9 OUtetes 2 ee Sree 
j Yo eee pal | oan Foe ba ee ts 0 1 3 5 8 10 out 
Do__..| Membrane A-_---.- None 0 i 1 4 8 10 out 
Do__..| Membrane B_.-._|---_- do 0 1 1 De sahiree 4 9 
Do...4| Lubricating ‘oils: 2)o222 do ! 1 1 5 4 3 4 
Do....| Lubricating oil____|____- do 0 16h a? Same aes 3 3 

| 

Metal.2.1 Nones2225 2 None!te = 3 lake Vinsol resin. -_____ 0 1 1 2 4 3 3 
Sand____- NRETNE 6 (oe SE Ay WIE Ah ge Gok: S 28 oy ay ee Ome: tne ee 0 1 1 1 3 3 3 
Byers et bhgt yeh eee ee Bal eS (GO: eee oe eee, | eee Gc fasen Ace ee 2 2 2 4 4 4 
Doz sale S22 CLE es peer el ee Ci opens ee ane gs Used crankease oil_| 0 1 1 1 3 3 4 
PDOs al Papert = ease ge lowe eee Vinsol resin_______ 0 1 1 1 3 3 3 
Doe]. Membrane A> =~ | sees dos eee eee st oma ea ee 0 if 1 2 3 3 3 
Doz—-|Menibrane Bs - oon so Eek ISN 1 a Be Gy eh ee sala i! i 2 3 3 { 
Do....| Used crankcase oil_| -___- QOS tae Used crankcase oil_| 0 2 2 2 3 3 4 























All slabs were made outdoors in July 1952, were removed from 
Slabs were more than 4 months old when freezing and thawing 


Sheet materials or burlap were removed after 3 days. 


5 Air content of non-air-entrained concrete was approximately 2 percent. 
6 Air content of air-entrained concrete was approximately 414 percent. 


this discussion is limited to the results ob- 
tained for round two and to the air-entrained 
concrete. 

The tests for round two on non-air-entrained 
conerete without curing showed that the 
slabs cast on sand bases had better resistance 
to sealing than the slabs cast on metal bases. 
The slabs on which paper was used for curing 
had the poorest resistance. The slabs on 
which lubricating oil was used, both for curing 
and as an admixture for the concrete, were the 
most resistant to sealing of any of the other slabs 
cast for round two. These protective surface 
treatments delayed the scaling of the concrete 
only slightly; this was indicated by the large 
differences in the numerical ratings at 51 and 
154 cycles. Membrane curing materials also 
delayed the sealing only slightly. 

No significant scaling occurred on any of 
the air-entrained concrete slabs. Therefore, 
it was not possible to distinguish between the 
relative effects of any of the curing methods 
or air-entraining agents used. The amount of 
entrained air, and not the means of obtaining 
it, appears to be the factor governing the 
attainment of durability. 


Vacuum Treatment 


Comparisons between slabs that were 
finished in the usual manner and those to 
which the vacuum process was applied are 
given in table 5. Non-air-entrained concrete 
slabs were cast in molds with metal bases and 
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in molds with damp sand bases. The air- 
entrained slabs were all cast in molds with 
sand bases. One-half of the slabs were 
finished in the usual manner and the other 
half were given the vacuum treatment. The 
slabs given the vacuum treatment were struck 
off in the usual manner and then the entire 
surface of the slab was covered with a vacuum 


Table 5.—Effect of vacuum surface treatment on resistance of plain or 


pad. A vacuum of 18 to 25 inches of mercury 
was applied to the plastic concrete for abow 
30 minutes. All slabs were then moist curec 
with wet burlap for 3 days. The non-air 
entrained concrete slabs cast on sand base; 
and vacuum treated had better resistance t 
sealing than those that were cast on meta 
bases and vacuum treated. The application 
of the vacuum process to the non-air-entraine¢ 
concrete was beneficial in reducing the amoun 
of sealing. | 

The air content of the air-entrained con 
cretes varied from 2.6 to 10 percent. Onh 
the slab with the lowest air content of 2.) 
percent and placed by the conventiona 
method had poor resistance to scaling. A) 
of the air-entrained concrete slabs that wer) 
subjected to the vacuum process had equal o 
greater resistance to scaling than the cor 
responding slabs that had been placed by th 
conventional method. 


Summary of Previous Tests 


In general, the increases noted in sealin| 
between the 51 cycles and the 154 cycles ¢ 
freezing and thawing, at which point the test 
were terminated, were not great enough t 
cause any material change in the previow 
conclusions (7). These continued tests ir 
dicated that 50 cycles of freezing and thay 
ing—exposure for two average winters in 
climate similar to that of Washington, D.C) 
usually would be sufficient to indicate tl 
resistance of concrete test specimens to scalir 
caused by the use of calcium chloride. 


NEW OUTDOOR TESTS 


Portland Blast-Furnace Slag Cemer 


A comparison was made between concre. 
prepared with portland cement and concre) 
prepared with portland blast-furnace sk: 
cement (2). In these resistance to seali 
tests, ten cements were used: a type I pot 


air-entraine 


concrete to sealing ! 


Air, 


Type base 
percent 


Surface treatment 3 


Rating after freezing and thawing ? for eyeles— 





] 


17 39 51 79 





Wacuiinees a. aa 
None-...__ 
Vacuum 


None___- 
Vacuum 
Wone. 3! 
| Vacuum _- 








1 Continuation of tests reported in table 21 of reference 1. 


months old when freezing and thawing started. 
2 Each rating represents one slab. 
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; All slabs were made outdoors in September 1952, were cu 
with wet burlap for 3 days, and were then removed from molds and stored in the exposure area. 


Slabs were more thar 


r . . . . . a 
3 Vacuum was applied to top surface of plastic concrete for one-half of an hour immediately after the molding. ’ 
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land and a type IS portland blast-furnace 
slag cement from each of five mills. Portland 
blast-furnace slag cement is defined as an 
intimately interground mixture of portland 
cement clinker and granular’ blast-furnace 
slag. The same clinker was used in the 
manufacture of the two types of cement from 
the same plant. Concrete slabs were made 
with mixes containing 5, 6%, and 7% gallons 
of water per bag of cement. The correspond- 
ing cement contents were approximately 6.0, 
5.0 and 4.2 bags per cubic yard of concrete, 
respectively. The air content of this concrete 
varied from 4.3 to 6.1 percent. These con- 
crete slabs were moist cured for 28 days and 
then were stored in the exposure area from 2 
to about 40 days before freezing occurred. 
They were exposed to freezing and thawing 


' through two winters, for a total of 55 cycles. 


The ratings of the slabs after 20, 35, and 55 
cycles are shown in table 6. Each rating 
shown is an average of the ratings for two 
slabs. This table also shows the equivalent 
alkali content of the cements and the amount 
of slag used in the manufacture of the slag 
cement. 

When the water content of the concrete was 
6% or 7's gallons per bag, severe scaling was 
observed on all slabs by the end of 35 cycles 
of freezing. The concretes prepared with 6'% 
gallons of water were more resistant to scaling 
than those with the greater water content, 
but these differences in scaling were insig- 
nificant. The air content of all these con- 
cretes was more than 4.3 percent. From 
results of these tests, it appears that, even 
with air-entrained concrete, the water content 
of the concrete prepared with types I and 
IS cement is of primary importance in its 
resistance to scaling caused by the action of 
de-icing agents. 

For the concretes containing 5% gallons of 
water per bag of cement, considerable dif- 
ferences were noted between the resistance of 
the concretes prepared with both types of the 
cements from different sources. The con- 
cretes prepared with each of the two types of 


cement from sources A and B (all four with 


containing cement from 


low alkali content) had very good resistance 
to scaling—much better than the concretes 
the other three 


sources. Concretes containing the cements 


: from sources C and E had the poorest resist- 


ance to sealing (three of these four cements 





had a high alkali content). This general 
trend indicated that cement with a low alkali 
content will furnish concrete with better 
resistance to scaling than cement with a high 
alkali content. However, concretes contain- 
ing the two types of cement from source D 
did not conform to this trend; no reason was 
apparent for the relatively poor resistance to 
sealing of the concrete prepared with the 
cement from source D, which had a low alkali 
content. 

From these tests very little difference was 
shown in the resistance to scaling of the con- 
cretes prepared with a portland cement and 
those prepared with the portland blast-furnace 
slag cement from the same source. Averages 
for all 10 cements, which reflect the influence 
of the water-cement ratio on the severity of 
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Table 6.—Effect of portland blast-furnace slag cement on resistance of concrete to sealing ! 


Cement 


Rating after freezing and thawing 2 





516 gallon mix 


| 
| 


616 gallon mix 746 gallon mix 





Source Alkali 4 
207 36 
cycles 


cycles | 


i ath ve) a if 
55 in Pe 8605. B58) 20 B85 55 
eycles | cycles | cycles | cycles cycles 


cycles | eycles 





Percent Percent 
0. 32 


37 






































! These slabs cast on metal bases were made September to November 1956, were stored in moist air for 28 days, and then 


were stored in exposure area. The air content of the concrete varied from 4.3 to 6.1 percent, see reference 2. 


from 30 to 70 days old when freezing and thawing started. 
2 Each rating is an average of observations for two slabs. 
3 Percent of slag used in manufacturing type IS cement. 
4 Equivalent alkalies as Na,O. 


the concrete’s scaling are shown in figure 3. 
From these data, it appears that, to obtain 
resistance to frost and de-icing agents, the 
water content of concrete must be held to the 
smallest possible amount. 


Silicone Surface Coatings 


Two series of tests were made to study the 
effect that coatings of silicone solutions on 
the surface of concrete have on increasing the 
resistance to scaling caused by de-icing agents. 
In the first series, ten variables were included, 
as shown in table 7. The concrete had an 
air content of 3 percent. The slabs to which 
no initial curing was applied were stored in 
laboratory air, having a temperature varying 
from 70° F. to 90° F. and a relative humidity 
of from 30 to 60 percent. Initial curing was 
applied approximately 3 hours after the speci- 
mens were molded, and the surface treatment 
was applied from 14 to 28 days later. When 
three coats of surface treatment were applied, 
the first was applied 14 days after molding, 
the second at 21 days, and the third at 28 days. 
When only one coat was used, it was applied 
at 28 days. 

Two different silicones were used. Silicone 
A was soluble in mineral spirits; silicone B 
was a water-soluble silicone from a different 
producer. The silicones were used at a rate 
of 1 gallon of a 2-percent solvent or aqueous 
solution per 100 square feet of surface. This 
amount was recommended by each producer. 
The membrane curing agent was applied at a 
rate of 1 gallon per 200 square feet. The 
specimens were stored in laboratory air for 
30 days prior to being placed in the exposure 
area, when freezing started immediately. 
These slabs were exposed for five winters, and 
they were subjected to a total of 155 cycles of 
freezing and thawing by calcium chloride as 
the de-icing agent. 

Three specimens were cast for each variable. 
The average ratings of the three slabs for each 
variable after 50, 90, 107, and 155 cycles of 
freezing and thawing are shown in table 7. 
These tests showed that the specimens given 


The slabs were 


7 days of initial moist curing usually had 
poorer resistance to scaling than the specimens 
that had no deliberate initial curing. The 
silicone surface treatments were sometimes of 
benefit in reducing the amount of scaling, one 
application of the treatment appeared to give 
better resistance to scaling than three applica- 
tions. 

When a silicone solution was used for curing 
(applied about 3 hours after molding) and no 
other surface treatment was applied very 
little scaling developed. Approximately the 
same results were obtained when a liquid mem- 
brane-forming curing agent was used. When 
three coats of silicone surface treatment were 
used in addition to the silicone used as a curing 
agent, more scaling occurred but the amount 
was still rated sight. Supplementary 
tests have shown that the solution of silicone 
B would not meet the water-retention require- 
ments for liquid membrane-forming curing ma- 
terials (3). No appreciable difference was 


as 


@ 


o 





RATING FOR SEVERITY OF SCALING 
0 


O 
GALLONS OF WATER PER BAG OF CEMENT 





Figure 3.—Influence of water-cement ratio 
on severity of scaling. Averages for 10 
cements. 
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Table 7.—Effect of silicone coatings on resistance of concrete to scaling—series one 


Initial applied curing ! 


Surface treatment 4 












None_. 4. Sal’ INOUGL4. se een eeen ce 
7 day moist_-__- : Noneer2 2 eepns 2 
None__ | 1 coat silicone A_-___- 
None_. 1 coat silicone B____- 


7 day moist__- 


None.-_- 


Viday WO Stses. =e ; peel dO. ensue eee 


Silicone B- NONGE === ae 


Membrane- - SS sare eee 





! Initial curing was applied 3 hours after molding. 


Ro eee 


3 coats, silicone B_. 


| Rating after freezing and thawing ? for— 
| i 
50 cycles | 90 cycles 107 cycles 155 cycles 
oe eee 8S | 2 2 2 2 
STR G eater 4 4 5 6 
oS et ee 1 1 1 1% 
Bae 1 1 14 14% 
ae fe we 2 2 2 3 
ves 3 | 2 314 314 
Sea ee Ha 3 3 4 314 
ee ee. 2 2 1 1% 
Pe LY a 3 2 2 3 3l6 
pds be 2 ee 1 4% Me 4 


NODC 25a mere eee = ae 

















Slabs cast on metal bases were made in January 1955, were stored in 


laboratory air for 30 days, and then were stored in exposure area and immediately subjected to freezing and thawing. Air 


content was 3 percent. 


2 Fach rating is an average of observations for three slabs. 
3 Surface treatment was applied 14 to 28 days after molding. 


water soluble. 


noted between the resistance to scaling for 
concrete treated with silicone A and that 
treated with silicone B. All of the concrete 
slabs in this series had relatively good re- 
sistance to sealing. Only one group of slabs 
showed significant scaling after 155 cycles of 
freezing and thawing; these slabs were given 7 
days of initial moist curing and no surface 
treatment. 

A second series of tests was made to study 
the effect of the use of five different silicone 
solutions. These silicones were used as sur- 
face protective coatings, and only one appli- 
cation was made. They were applied 14 days 
after molding, at the rate recommended by 
the manufacturers. The five silicones in- 
cluded both those soluble in water and those 
soluble in mineral spirits, and they were ob- 
tained from three producers. 

The test slabs were made on two different 
days, and control slabs without silicone surface 
treatment were made on each day. The air 
contents of the coneretes varied from 5,2 to 
6.1 percent. Half of the slabs were given no 


Silicone A was mineral spirits soluble, and silicone B was 


initial moist curing, and the other half were 
moist cured for 72 hours. The slabs were 
stored in laboratory air for 15 days and then 
were placed in the outdoor exposure area 
and were subjected to freezing within a few 
days. The slabs were exposed for 1% winters 
for a total of 40 cycles of freezing and thawing. 

The ratings after 10, 20, and 40 cycles are 
given in table 8. Each rating is an average 
of the ratings on two slabs for each of the 
silicone treatments and on three control slabs. 
Most of the slabs that were given no initial 
moist curing had better resistance to scaling 


than those that were moist cured for 72 
hours. The use of silicone surface coating 


was of no benefit in preventing scaling. 
Except for one set of two slabs, after 40 cycles 
of freezing and thawing the scaling of the 
silicone treated slabs was greater that that 
of the corresponding untreated slabs. No 
appreciable difference was noted in the resist- 
ance of eight of the ten sets of slabs treated 
with the different silicones. The eight sets 
of treated slabs all showed significant scaling 
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Figure 4,—Effect of a silicone admixture on scaling and compressive strength of 
concrete, 


70 
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Table 8.—Effect of silicone coatings on 
resistance of concrete to scaling—series two 


Rating after freezing 
Surface and thawing ? for— 


treatment 3 


Initial applied 
curing ! 





10 20 40 
eycles | cycles | cycles 





72 Pleat 
1% | 3% 


1% 
3 


3 days moist__} > 


INONG oe s-s 
3 days moist __ 


None 
3 days moist__ 

















1 Initial curing was applied about 3 hours after molding, 
Slabs cast on metal bases were made November or Decembe} 
1958, were stored in laboratory air for 15 days, and then were 
placed in exposure area and subjected to freezing within one 
week. Air content varied from 5.2 to 6,1 percent. 

2 Each rating is the average of two tests for the silicon¢ 
treated slabs and of three tests for the control slabs. 

3 Surface treatment was applied 14 days after molding; sili 
cones D and F were water soluble; silicones C, E, and € 
were mineral spirits soluble, 


after 40 cycles of freezing, whereas none 0 
the untreated slabs had scaling of this extent 

Although the concrete for the second serie 
of tests had a greater air content than tha 
of series one, its resistance to scaling wa 
poorer. The concrete slabs of series twi 
were subjected to freezing and thawing at al 
age of about 20 days whereas those of serie 
one were subjected to freezing and thawin; 
at an age of 30 days. The two series wer 
made about 3 years apart and different ship 
ments of the cement were used, which migh 
have accounted for some of the differences i 
resistance to scaling of the concrete betwee! 
the two series. 


Silicone as an Admixture 


A preliminary series of tests was made t 
determine the effect of a silicone solution a 
an admixture for conerete on its resistance t 
sealing. In these tests, one of the water 
soluble silicone solutions included in th 
silicone surface tests was used. The mixe 
used in these tests included the control mi 
without silicone, and mixes prepared wit 
0.2, 0.4, 0.6, and 0.9 percent of silicone solid 
by weight of the cement. The air content 
for the mixes varied from 4.3 to 7.0 percen 


Table 9.—Effect of a silicone admixture o 
resistance of concrete to scaling 


$ Rating after freezing and 

Air con- thawing 2 for— 
tent, 

percent 


20 cycles | 35 cycles | 50 cycles 


Silicone !, percent 











| 5 


t\ 





1 Silicone solids by weight of cement. 

2 Each rating is an average of observations for two or thr 
slabs. These slabs, cast on metal bases, were made in N 
vember 1958, were moist cured for 3 days, were stored in la 
oratory air for 11 days, and then were stored in exposure ar 
and subjected to freezing within 5 days, 
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0.2% 
SILICONE 

ADMIXTURE, 
« RATING 1 


0.4% 
SILICONE 
ADMIXTURE, 
RATING 2 


0.6% 
SILICONE 
ADMIXTURE, 
RATING 7 





0.9% 
SILICONE 
ADMIXTURE, 
RATING 10 





, ‘igure 5.—Effect of silicone admixture on 
», resistance of air-entrained concrete to 
sealing. Photographed in 1961 after 50 
s cycles of outdoor freezing and thawing 
) by calcium chloride. 





All of the slabs were moist cured for 3 days 
ind were stored in laboratory air for 11 days 
nore and then were placed in the exposure 
wrea. They were subjected to freezing within 
| days after being placed in the exposure 
‘.rea. These slabs were exposed for 1% 
ii k a and were subjected to a total of 50 
Hl yeles of freezing and thawing. The ratings 
‘if these slabs after 20, 35, and 50 cycles of 
* reezing and thawing are given in table 9. 
H Tests also were also made to determine the 
’ fleet of the silicone as an admixture on the 
i etardation of set and the compressive 
| trength of concrete. The results of these 
“ests are shown in table 10. The results of 
une tests for scaling and those for strength at 
‘and 28 days are shown in figure 4. It will 
ve observed that minimum scaling and maxi- 
um strength of concrete are indicated for 
i; mix containing silicone solids in an amount 
f about 0.3 percent by weight of the cement. 
*hotographs of typical slabs with silicone 
nd the reference concrete slabs after 40 
yeles of freezing and thawing are shown in 















nereasing the time of set of the concrete. 


4s shown in table 10, 0.2 percent of silicone 
{ olids required 9.0 hours for the concrete to 
each initial set as measured by a Proctor 


“venetration load of 500 p-s.i. but concrete 
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Table 10.—Effect of a silicone admixture on properties of concrete ! 


Silicone 2 Slump 


| Air content 


Compressive strength at— 
Retardation! + 
} ofsets | 


7 days 





Percent Inches 


2.8 








fag de Be 
3, 690 
3, 930 4, 540 
3, 820 4, 340 
3, 680 4, 390 


eR pe 
3, 870 


Flours 


4 900 
4, 620 
4, 740 








! Proportions by dry weight were 94-205-295 pounds; cement content was 6.0 bags per cubic yard; water content was 5.8 


gallons per bag. 
2 Silicone solids by weight of cement. 


8 Determined by Proctor penetration test using load of 500 p.s 
Concrete without See had initial set of 5.0 hours. 


ing silicone as compared to concrete without. 


without the silicone admixture reached this 
degree of set in 5.0 hours. Increasing the 
amount of silicone tended to increase the 
setting time. 


Miscellaneous Tests 


A floor sealer, which had been tried experi- 
mentally by one of the State highway depart- 
ments to prevent sealing, was applied as a 
curing agent and tested to determine its 
effectiveness on the resistance of concrete to 
sealing. The resistance to scaling of concrete 
cured with this material was compared with 
the resistance of concrete cured with wet 
burlap for 7 days and with the resistance of 
eoncrete cured with a liquid, membrane- 
forming curing material. Non-air-entrained 
concrete was used. The liquid curing mate- 
rials were applied at two rates, 1 gallon per 
100 square feet and 1 gallon per 200 square 
feet, approximately 2% hours after the slabs 
were cast. The slabs were placed in the 
outdoor exposure area at an age of 14 days, 
and freezing did not occur for about a week. 
The slabs were exposed for 2 winters and were 
subjected to 50 cycles of freezing and thawing. 

The ratings after 20, 35, and 50 cycles of 
freezing and thawing by the use of calcium 


chloride as a de-icing agent are shown in 
table 11. Each rating is an average of the 


observations for two slabs. After 35 cycles of 
freezing and thawing, there was no appreciable 
difference in the ratings of any of the slabs; 
none showed any significant scaling. The 
slabs on which the floor sealer was applied had 
slightly better resistance than the other slabs. 
At 50 cycles, all of the slabs showed significant 
sealing; the ones on which the floor sealer was 
applied still had the best resistance and the 
moist cured slabs the poorest. No appreci- 
able difference was noted in the scaling 
between the slabs on which the floor sealer 
and the liquid, membrane-forming curing 
materials were applied at the rate of one 
gallon per 200 square feet and those on which 
they were applied at the rate of one gallon per 
100 square feet. 

Tests were made on the two liquids used as 
curing agents to determine whether they met 
the requirements for water retention (3). 
These tests showed that the floor sealer did 
not meet the requirements and that the 
membrane-forming compound did. The 
weathering tests showed slightly better 
results for the floor sealer than for the curing 
material. 


Retardation is delay in hardening of concrete contain- 


Use of Emulsified Polystyrene Latex 


In this phase of the investigation, emulsified 
polystyrene latexes were used as a curing 
agent, as a surface protective coating, and as 
an admixture for concrete. Three different 
latexes were used as curing agents; one was 
used as a protective surface treatment; and 
one was used as an admixture. The control 
specimens without latex were moist cured for 
7 days. For initial curing, the latex was 
applied to the slabs 2!5 hours after molding. 
Surface treatments or protective coatings 
were applied to the slabs at an age of 14 days. 
No water retention tests were made on the 
latexes. The concrete was non-air-entrained 
except when the latex was used as an admix- 
ture. Coneretes prepared with the latex 
admixture entrained either 10 or 20 percent 
air without the addition of an air-entraining 
agent. When a latex was used as a curing 
material or as a surface treatment, it was 
applied at two rates, 1 gallon per 200 square 
feet and 1 gallon per 400 square feet. One 
slab was tested for each rate. The specimens 
were stored in laboratory air for 15 days 
then placed in the exposure area. Freezing 
started within a week. The slabs were 
exposed for 114 winters for a total of 40 cycles 
of freezing and thawing. 

The ratings of the slabs at 10, 25, and 40 
cycles are shown in table 12. The ratings 
are averages for two slabs on which the same 
latex was applied at the two different rates. 
The ratings for the control slabs and for 
those having the latex admixture were also 
averages for two slabs. After only 10 cycles 


Table 11.—Effect of a floor sealer and a 
membrane curing material on resistance 
of concrete to scaling 


Rate of 
appli- 
| cation, |_ 
sq. ft./ | 

‘ 20 cycles|35 cycles|/50 cycles 


Rating after freezing and 
Initial curing thawing ! for— 


material 








Moist 2 ; 9 
Floor sealer___- : 6% 
Floor sealer___- 7 ‘ y 6 
Membrane : 
curing 2 3) 8 
Membrane 
curing y ‘ 8 

















1 Each rating is an average of observations for two slabs, 
These slabs, which were cast on metal bases, were made in 
November 1956, stored in laboratory air for 14 days, and were 
then placed in the exposure area and subjected to freezing 
and thawing within a week. 

2 The slabs were moist cured for 7 days, 
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Table 12.—Effect of an emulsified polystyrene latex on the resistance of concrete to scaling 











Air content, | Rating after freezing and thawing ? for— 
Initial curing ! | Surface treatment 3 | Admixture (calculated) 
percent 
10 cycles 25 eycles 40 cycles 
— —_ a — al = — — 
| 
Moist-._- NGn6+ tae | Nonesss. 22-2 et 2 8 9 10 
ABA) be eS Fs oa| atex NOS Loess. INONG 2 2 25- bee aoen 2 4l4 9 10 
Latex No. 1_- None. a= eS None hee 42. nee 7} 414 514 814 
iceatex No. 2.2.25 3225) SINOMG. se eeeee es a INO C2 == eo eteees 2 3% 34 7% 
Latex No. 3.._- None Eat INONOS.2-1a eee eee 2 4 6 7% 
None_-_ NOG: 2 eee eee WATOXEN Oe tee ane oe 10 0 0 1 
None. - im | INON@22 "soe ene Latex NOs) Seec ee 20 0 0 4% 


! Initial curing was applied approximately 2’ hours after molding. 


days. 
2 Each rating is an average of observations for two slabs. 

















Wet burlap was applied to moist cured slabs for 7 


The slabs cast on metal bases were made in December 1956, 


were stored in the laboratory 15 days, and then were placed in the exposure area and subjected to freezing and thawing within 


a week, 
3 Surface treatment was applied 14 days after molding. 


4 Latex was added to the mix at a rate of 2.4 gallons per bag of cement. 
5 Latex was added to mix at a rate of 4.1 gallons per bag of cement, as recommended by the producer. 


of freezing and thawing, the control slabs 
were severely scaled and had an average 
rating of 8, at 40 cycles the rating was 10. 

There was no appreciable difference in the 
sealing of the slabs when the three latexes 
had jbeen used as curing materials; the ratings 
after 10 cycles were from 3% to 4, and at 40 
cycles they were from 7% to 8% When a 
latex had been used as a surface protective 
coating, the ratings were slightly higher. 
These tests indicate that materials of this 
type, when used on the surface of the concrete, 
are effective only in slightly delaying the 
scaling. However, when a latex had been 
used as an admixture, excellent resistance to 
scaling was obtained. The excellent resist- 
ance of this concrete probably was caused by 


8 


AMOUNT OF SCALING, RATING 
h 


THAWING TIME, MIN. 


the high air content entrained by the latex. 
Similar results were obtained for concrete 
containing 10.0 percent air, as shown in 
table 5. 


Additional Tests With Fly Ash 


In the original series of tests for the resist- 
ance to scaling of concrete containing fly ash, 
tests were made on concrete in which one-third 
of the cement was replaced by an equal 
volume of fly ash (2). This is a larger amount 
of fly ash than usually would be used in paving 
concrete. In the second series of tests, the 
concrete was prepared with three-fourths of a 
bag of cement in a 6-bag mix replaced by 14 
bags of fly ash. The amount of sand used in 


(room air) (coated) (uncoated) 





Figure 6.—Effect of de-icing agents on rate of thawing and amount of scaling of concrete 
containing 6 percent of air. 
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{ 


the mix was reduced to compensate for th 
increased volume of concrete. This mix wa 
one that had been recommended for pavin 
concrete by a producer of fly ash. 

In this series of tests, a fly ash with 0. 
percent carbon (B) and a fly ash with 11. 
percent carbon (Y) were used with twe 
type I portland cements. Both air-entraine 
and non-air-entrained coneretes were usec 
The ratings on slabs cast from these mixe 
are shown in table 13; each is an average ¢ 
the ratings for two slabs. 

As would be expected, all of the slabs, wit 
and without fly ash, that had an air conter 
of only 1.0 percent showed severe scalin 
after only 15 cycles of freezing and thawin; 
Slabs containing 4.5 percent or more a 
showed moderate to severe scaling after 4 
cycles when the high carbon fly ash had bee 
used. The least scaling occurred on the slak 
of concrete that had been prepared wit 
cement E, fly ash B (low carbon content 
and a cement content of 54% bags per cub 
yard. The concrete prepared with this lo 
carbon fly ash had durability equal to that ¢ 
the concrete prepared without fly ash. 










































NEW LABORATORY TESTS 
Effect of Thawing Agents 


A limited laboratory series of tests wi 
made to determine the effect of various thay 
ing agents on the scaling of concrete and ¢ 
the rate of thawing of the ice on the concret! 
In this series of tests, the specimens used we 
similar to those used in the outdoor tes 
except that they were only 6 by 12 by 2 inch 


thick. The same mix was used for all sped 
mens. The concrete was prepared wi) 


crushed stone coarse aggregate of one-half ini 
maximum size. The cement content was) 
bags per cubie yard and the air content was 
percent. The specimens were moist cur) 
for 7 days, and then stored in laboratory ‘ 
for 14 days prior to the beginning of t} 
freezing and thawing test. The procedu) 
used for these tests was, as follows: A fix! 
volume of water was placed on the top surfa’ 
of each specimen and the specimens placed | 
racks in the laboratory freezer; cold air ati 
temperature of 0° F. was circulated over t' 
specimens. After the water had frozen, t) 
specimens were removed from the freezer all | 
placed in laboratory air at a temperature | 
70° F. to thaw. The thawing agents we 
spread over the ice-covered surfaces at a re) 
of 2.4 pounds per square yard. After the- 
had thawed, the surface was washed and fre 
water was placed on the slabs. The specime: 
were exposed to freezing from about 4 p.. 
until 9 a.m. the next day and were thaw! 
from 9 a.m. until 4 p.m. the same day. 

The length of time required for the ice | 
thaw and the amount of scaling on the expos) 
surface of the concrete were determined pe 
odically. The results of these observatic 
are given in figure 6. Each result given is 
average for tests on five slabs. Five thawi 
agents were used in these tests: calcium ch 
ride flakes, sodium chloride, a mixture of eq 
parts by volume of calcium chloride a 
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odium chloride, urea in a commercial de-icer 
if prilled pellets coated with clay, and urea in 
ineoated, shotted pellets. For comparison 
10 thawing agent was used on one set of slabs; 
hey were thawed in the laboratory at room 
emperature. The time required to melt the 
ee on the surface of the slabs varied from 46 
ninutes for the specimens on which calcium 
hloride had been used as a thawing agent to 
55 minutes for those on which no thawing 
went had been used. Calcium chloride, 
,odium chloride, and a mixture of the two, 
vere much faster in thawing the ice than the 
gents containing either type of urea. 

Of the five thawing agents, calcium chloride 
yppeared to be the most effective and the 
east harmful to the concrete. The average 
ating of the specimens on which calcium 
/ hloride had been used was 41% after 75 cycles 
of freezing and thawing. Less scaling was 
pbserved for these specimens than for the 
i) pecimens on which the other thawing agents 
j aad been applied. The specimens on which 
ho thawing agent had been used showed very 
jittle scaling and after 75 cycles they had an 
average rating of 1. 















Age of Concrete When Frozen 


| Throughout the several series of tests, the 
-esults obtained appeared to have been influ- 
enced by the amount of water in the concrete 
W jrhen freezing occurred. The results, reported 
Wn tables 1 and 2, showed that less scaling 
lbeeurred for the specimens cast on a sand base 
shan for those cast in a waterproof mold with 
ii, metal base. There is no question but that 
i®she sand base removed some of the water 
(liequired to lubricate the concrete mix, and 
it the test specimens so cast contained less free 
Wiwater when frozen than those cast on metal 
iligases. In other series of tests, it was not 
8 possible to prepare all of the specimens on the 
same day because of the limitations of the 
i) molds and manpower available; consequently, 
yi some specimens were older and _ probably 
it contained less free water than others. 
ode | 
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Table 13.—Additional tests on the effect of fly ash on resistance of concrete to scaling 

















Cement Fly Ash | Rating after freezing and 
thawing! for— 
— ps = : aes Air a tar xe 
Source Type | Content Source Amount licycles | 40 cycles 
=< =) = | <r 
Bags/cu. yd. Db./eu. yd. Percent 
aye eee ee Sie rae i Sa Dees ye INR SS a None 2 1.0 7 10 
(ces PS A ee 1 Ee ee ne 54 | B ee LOO ee 1.0 7 | 10 
Boe ee Ne ee 2 54 AY eras L0G eS eee 1.0 10 10 
H Die, san ee el | 8 eee ee 9 6 IN OMCs aseae INONG@=see= = 1.0 9 | 10 
|e ee ek ED os oe 54 B ae ee ee iti (ees aes 1.0 9 10 
hop A Se oe Ee See et NS 54 pon ae 100223 1.0 10 10 
See Se ee ae eee 6 INjome:. seas. INON@#22.. == 5.3 21 416 
Bite ered. j Pate < at Dee a 514 Ns Se a ae 100 | 4.5 3 414 
Batwes sees lS 54 YL Gee eee LOO ew teat 4.5 414 7 
j Dag oe as es | eS = ae ee 6 NOD Gees | None____-- Al 4.8 2 4 
Hyic 2 eee oe Lee 514 ees ee OU een ees 6. 2 72 3 
SE: Mer ad ) BL Re ee 514 Bifano 100 Se 3 B23 5 7% 




















| Each rating is an average of observations for two slabs. 
moist air for 28 days, and then were stored in the exposure area. 
started. 


No tests were made to determine the amount 
of the free water in the hardened concrete 
specimens when they were first subjected to 
freezing. However, the age of the concrete of 
all specimens at first feeezing is known. If it 
may be assumed that the amount of free water 
in the hardened concrete varied inversely 
with the age of the concrete at first freezing, 
a relation of some interest may be developed. 
To this end, test results for all of the speci- 
mens cast on steel bases and having an air 
eontent of 4.0 percent or greater were sum- 
marized, and the percentage of significantly 
scaled slabs at 50 cycles of freezing and 
thawing were plotted against the age of the 
concrete at first freezing. This is shown in 
figure 7. Because of the marked differences 
in controlling variables in the various series of 
tests, only a general trend might be expected 
to be shown. This trend does indicate that 
concrete subjected to freezing and thawing af 
an early age is most liable to suffer serious 
sealing. From this, it may be stated that for 
concrete placed when freezing is imminent, 
scaling can be minimized if wet curing of the 
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AGE OF CONCRETE AT FIRST FREEZING, MONTHS 


q 7 . Hy 4 * 
Figure 7.—Effect of the age of the concrete when first frozen on the severity of scaling. 


These slabs were cast on metal bases in April 1957, were stored in 
Slabs were more than 6 months old when freezing and thawing 


concrete is curtailed. The use of wind shields 
to permit the gradual removal of moisture 
from the concrete may in this case be prefer- 
able to the use of surface curing materials or 
wet curing methods. 
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Table 14.—Effect of thawing agents on scal- 
ing of concrete and rate of thawing cf ice 
.in laboratory freezing and thawing tests 


Rating after freezing 
and thawing 3 for— 





Thawing agent! 


50 
| cycles 





Urea, coated_ ------ 
Urea, uncoated _-_-__- 
CaOine se eS 
NaCl 

CaCly and NaCl_-_-_- 

















1 Thawing agents were used at a rate of 2.4 lb. per square 
yard of surface. 

2 Time necessary for ice on surface to melt in laboratory 
air at 70° F. 

3 Each rating is an average of observations for five, 12- by 
6- by 2-inch slabs. The slabs were cast on metal bases, were 
moist cured for 7 days, then were stored in laboratory air for 
14 days prior to start of freezing. Air content was 6 percent. 
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peed Estimation on Residential Streets 


BY THE TRAFFIC OPERATIONS RESEARCH DIVISION 


BUREAU OF PUBLIC ROADS 


The study reported in this article was 
undertaken to determine with what 
degree of accuracy residents are able to 
estimate the normal operating speed of 
vehicles traveling on suburban streets. 
This information is expected to be useful 
to traffic engineers and law enforcement 
officers in acting upon the many com- 
plaints received about speeding cars and 
trucks in residential areas. 

Various factors that might affect the 
estimations were considered in relation 
to the type of vehicle for which the speed 
was being estimated. Conclusions for 
this study were reached after a statistical 
analysis of the data collected. However, 
these conclusions were deemed to apply 
only to the areas studied because of the 
limited data collected. 

The fieldwork for this study and initial 
analysis of the data collected were ac- 
complished by a group of Junior Engi- 
neers! of the Bureau of Public Roads, 


during 1961, as part of their training. 


Introduction 


PROJECT to study the accuracy with 
L which residents estimate the normal 
operating speeds of vehicles traveling over 
residential streets was conducted by the 
Bureau of Public Roads in a selected area in 
Washington, D.C., in 1961. A passenger ear 
and a panel truck were driven at three con- 
trolled speeds of 15, 25, and 35 miles per 
hour (m.p.h.) and 935 estimates of the speeds 
at which the vehicles were traveling were 
made by 160 residents. Generally, the speeds 
at which the test vehicles were traveling were 
underestimated. Of the 935 estimates, 42 
percent were underestimates, 22 percent were 
overestimates, and 36 percent were correct 
estimates, to the nearest 5 m.p.h. 


Summary 


No general conclusions concerning the accu- 
racy with which speed estimates are made for 
vehicles on residential streets could be reached 
because of the limited scope of this study and 
the data collected. 
observations 


However, the following 
made: (1) Thirty-eight 
percent of the estimates of the speed of the 
passenger car were correct to the nearest 5 
m.p.h.; and 34 percent of the estimates of the 
speed of the panel truck were correct to within 


were 


1The Junior Engineers working on this study were: 
Ben M. Pugh, Lawrence A. Staron, Duane C. Lewis, John 
H. Girvin, John R. Huff, and William P. Steward. 
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5 m.p.h. (2) More of the observers under- 


estimated the speeds at which both vehicles 


were traveling than overestimated these 
speeds. (3) As the travel speeds increased 


the observers made greater absolute estimating 
errors in m.p.h. but their percentage error in 
estimating generally decreased. (4) The age 
of the observers or the type of vehicle (pas- 
senger car or panel truck) had no apparent 
effect on the mean absolute error made by 
the observers. (5) Whether the observers 
had small children seemingly had no effect 
on the accuracy of their speed estimations, 
those with and without small children made 
estimates with a similar degree of accuracy. 

In this study no attempt was made to sepa- 
rate the residents who might have complained 
about speeding traffic, and it is possible that 
speed estimates from such a group of com- 
plainers might provide different results. it 
is suggested that those conducting future 
studies of the accuracy of speed estimation 
might consider using variables such as night 
vehicle; a sportscar; 
and/or a greater speed range, for example 
10 to 50 m.p.h. 


interviews; a noisy 


Procedure 
Two vehicles, a 1959 sedan of a popular 
make and a panel truck were used as test 
vehicles for this The sedan 


study. was 


100 


80 


60 


40 


CUMULATIVE PERCENT 


20 


ai 


ERROR -MILES PER HOUR 


Figure 1.—Cumulative errors in speed estimates for the passenger car at 15, 25, and . 
miles per hour. 






























by RICHARD D. DESROSIERS, 
Highway Research Engineei 


chosen because of its size, style, and famili 
arity to the general public. ‘The truck was 
a type commonly used for home delivery 0} 
bread, milk, and similar commodities. Test; 
were conducted in which each of the vehicle 
was being operated at speeds of 15, 25, and 3! 
m.p.h. These operating speeds were selectec 
because they represent the range of norma 
operating speeds of vehicles traveling o1 
residential streets. Both the truck and thi 
sedan were operated at each of the speeds si) 
that the estimates for different types. o 
vehicles could be compared. 

So that the interviewer would be able ti 
record the actual speed of the test vehicle a 
it passed the observer, a code system was pre 
arranged in which 6- by 6-inch cards wit] 
three different letters of the alphabet on then. 
were used. The driver of the test vehicl] 
selected the speed at random, either 15, 2 
of 35 m.p.h., and placed the appropriate can 


Table 1.—Mean absolute and percentage | 
errors in speed estimating 








Errors— 









Speed 






Truck 





Passenger car | 























m.p.h. Percent m.p.h.| Percent | 
ieee —3.3 —22 —2.4 —23 | 
BO ee —3.7 —15 —5.0 —20 










S052 eee | = (a Ses —5.4 
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| Figure 2.—Cumulative errors in speed estimates for the truck at 15, 25, and 35 miles per 


hour. 
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in the windshield of the test vehicle. Thus 
the interviewer was able to record the code 
for the actual speed of the test vehicle at the 
same time he recorded the estimate made by 
the observer, and without giving any clue that 
might affect the observer’s speed estimate. 





Figure 3.—Percentage of speed estimates over, on, and under for all three test speeds 
combined. 


The only pattern followed was that the truck 
always preceded the passenger car. 
Test location 


Upper-, middle-, and lower-income neigh- 
borhoods of different population densities 


Table 2.—Influence of children 10 years of age or under on observers’ speed estimates 


Speed estimates— 





Observers 


On Under 





Truck | Truck 





With children 10 or under 





Without children 10 or under 








PUBLIC ROADS e Vol. 32, No. 3 


Pet. | Pet. 
35 39 





| 34 


were selected for the test areas. Within these 
areas, four block were 
selected arbitrarily and the occupants asked 
to participate in the study. Site selection was 
limited to locations with the following listed 
physical characteristics: 
tance at 


residences in each 


sufficient sight dis- 


minor intersections to permit safe 
crossing, straight-aways long enough for the 
truck to obtain the required speed, streets 
wide enough to permit the test 
obstructing other traffic, dwelling units situ- 


ated so that the observers easily could see the 


without 


vehicles from his or her front door, and turn- 
around areas for vehicles away from children’s 
play areas. Other factors that might have 
influenced the speed estimates were recorded 
by the interviewer: Posted speed limit, parked 
vehicles, sex and estimated age of the observer, 
and whether any children 10 years of age or 
under were in the family. 


Observers 


Interviewers contacted potential observers 
and read the following statement: “I am a 
highway engineer with the U.S. Bureau of 
Public Roads. We are conducting a Speed 
Estimation Research Project along this street 
in front of your house. We would like to 
engage your cooperation in estimating the 
speed of our sedan and truck as they pass 
directly in front of your house.” 

Those contacted and consenting to partici- 
pate in the study were given instructions, as 
follows: ‘“The truck and sedan are marked 
by large signs on the front stating: ‘Speed 
Research Vehicle.’ I will point out the vehicle 
as it approaches so there will be no identifica- 
tion errors. Each vehicle, the sedan and the 
truck, will make three passes. Each pass will 
be at a different speed. We want you to esti- 
mate the speed of each vehicle as it passes 
directly in front of your house, and as you 
make your estimation I will record it here on 
this form. We ask only one question other 
than the speed estimation and that is,“Do you 
have any children under 10 years old?’ ”’ 

A total of 160 observers made 935 individual 
speed estimates. Most of estimates 
were made to the nearest 5 m.p.h. and when 
they weren't, the interviewer rounded off the 
estimate to the nearest 5 m.p.h. 


these 


Cumulative frequency of errors representing 
a minimum of 150 observations are 
by the curves in figures land 2. These curves 
indicate the distribution of errors to have been 


shown 


Table 3.—Cumulative percentages of correct 
speed estimates out of a total of 6 esti- 
mates per observer 


Cumulative percentage of estimates 
correct to within 


Correet speed 
estimates 


Percent Percent 

44 85 
r more | ) 66 | 94 
or more. _-_-_- 3 4 S1 | 98 
MIN ONGC os ee ‘ 92 | 98 
* more_ 6 97 100 
rmore:—- 99 100 

> more_ 100 
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fairly normal for the passenger car for each of 
three test speeds and for the truck when its 
speed was 15 m.p.h.; but, the error curves for 
the truck’s speed at 25 and 35 m.p.h. indicate 
a greater variation in speed estimates. The 
mean absolute error in miles per hour made 
by the observers increased as the traveling 
speed of the vehicles was increased, but the 
percentage error generally decreased, as is 
shown in table 1. When all the errors were 
averaged, the results were negative; that is, 
the average observer underestimated the speed 
for all three test speeds for both vehicles. 
The number of errors made in estimating the 
speed of the passenger car were nearly identical 
when its speed was 15 and 25 m.p.h., but the 
number of errors increased greatly when the 
speed was increased to 35 m.p.h. As can be 
seen by figure 3, more underestimates than 
overestimates were made for the speeds of 
both vehicles. This was especially true for 
the passenger car: 46 percent of the estimates 
were under its speed, and only 16 percent of 
the estimates were over. Corresponding 
figures for the errors in estimating the speed 
of the truck were 37 percent and 29 percent, 
respectively. 

A comparison of the percentage of speed 
estimates that were over, on, and under the 
actual speeds is shown for both the car and 
truck in figure 4. The chi square significance 
test was applied between the estimates that 
were over and under the actual speed for each 
vehicle at each of the three speeds. Signifi- 
cant differences (0.05 level) were obtained for 
the passenger car estimates when its speed 
was 25 and 35 m.p.h. No significant differ- 
ences were obtained for either the passenger 
car, when its speed was 15 m.p.h., or for the 
truck at any of the three test speeds. Signifi- 
eance at the 0.05 level means that there are 
less than five chances in a hundred that the 
observed differences could have occurred by 
chance alone. 

Prior to this study, it had been thought that 
people with small children might tend to over- 
estimate the speeds at which vehicles were 
traveling. It is very evident from the data 
shown in table 2 that such a hypothesis was 
not supported by this study. Estimates of 
observers with small children were similar in 
accuracy to those of the observers without 
small children; approximately 65 percent of 
the observers had small children in their house- 
hold. Neither did the age of the observer 
seem to have had an effect on the degree of 
accuracy. The ages of the observers that had 
been estimated by the interviewer were di- 
vided into ten-year age groupings. Consider- 
ation of the speed estimates revealed no ap- 
parent differences between these age groups 
in the absolute error in estimating speed. 

Of the 935 estimates, 42 percent were under 
the speed of the vehicle, 22 percent were 
overestimates, and 36 percent were correct to 
the nearest 5 m.p.h. Although those inter- 
viewed had not been instructed as to what 
range should be employed in their estimating, 
nearly all observers estimated to the nearest 
5 m.p.h. If a smaller estimating unit had 
been used, such as 1 m.p.h., the percentage 
of correct estimates would have been reduced. 
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Figure 4.—Percentage of speed estimates over, on, and under for passenger car and truck at 
each test speed. 


With most of the speed observations having 
been made to the nearest 5 m.p.h., a correct 
answer was actually 0 plus or minus 2! m.p.h. 
Likewise, observation of 5 and 10 m.p.h. 
errors were actually 5 plus or minus 24 m.p.h. 
and 10 plus or minus 24% m.p.h. The upper 
(maximum) limits of these errors were used 
to construct table 3. The data here clearly 
show that the number of correct observations 
increased with an increase in the acceptable 
error, until 85 percent of the observers were 
never in error by more than 124% m.p.h. Such 
figures apply only to the speed range used for 
this study, 15, 25, and 35 m.p.h., and any 
extrapolations to higher or lower speeds might 
lead to erroneous conclusions. The curves 
shown in figure 5 were constructed from the 
data of table 3. The use of these curves can 
be shown best by the following example. In 
estimating speeds within a 5-mile range, 18 
percent of the observers were accurate every 


100 


PERCENTAGE OF OBSERVERS 


time (100 percent) and 38 percent were 
accurate 80 percent of the time. 

The data collected were further examinec 
to determine whether some individuals always 
estimate better than others. If at least fou 
of the six speed estimates made by an observe), 
were under the correct speed of the vehick 
and none of the estimates were over, the 
subject was considered to have been an under 
estimator. If at least four speed estimate 
were over and none were under, the subjee 
was considered to have been an overestimator 
If at least four of the estimates were correct 
the subject was considered to have been 
correct estimator. On this basis, 34 percen 
of the observers always underestimated, 1 
percent always overestimated, and 20 percen 
were always correct. The remaining 32 per 


cent of the observers could not be placed i 
any one of these three groups because of th 
inconsistent pattern of their estimating. 





EXAMPLE:- 
38% OF OBSERVERS WILL ESTIMATE 
SPEEDS WITHIN 5 MPH 80% OF THE TIME 


MAXIMUM ALLOWABLE ESTIMATING ERROR IN MILES PER HOUR 


Figure 5.—Percentage of correct speed estimates as a function of the maximum allowab 
estimating error, and the percentage of observers. 
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PUBLICATIONS 
of the Bureau of Public Roads 





A list of the more important articles in Pupuic Roaps and title 
sheets for volumes 24-31 are available wpon request addressed to 


‘Bureau of Public Roads, Washington 25, D.C. 


| The following publications are sold by the Superintendent of 


Documents, Government Printing Office, Washington 25, D.C. 
Orders should be sent direct to the Superintendent of Documents. 
Prepayment is required. 


ANNUAL REPORTS 


Annual Reports of the Bureau of Public Roads: 

| 1951, 35 cents. 1955, 25 cents. 1958, 30 cents. 1959, 40 
sents. 1960, 35 cents. 1961, 35 cents. (Other years are now out 
of print.) 


(ey 


REPORTS TO CONGRESS 


Factual Discussion of Motortruck Operation, Regulation and 
Taxation (1951). 30 cents. 


Federal Role in Highway Safety, House Document No. 93 (1959). 
_ 60 cents. 


Highway Cost Allocation Study: 





First Progress Report, House Document No. 106 (1957). 
| 35 cents. 
Final Report, Parts I-V, House Document No. 54 (1961). 
70 cents. 


Final Report, Part VI: Economic and Social Effects of High- 
| way Improvement, House Document No 72 (1961). 


25 cents. 
| 


The 1961 Interstate System Cost Estimate, House Document 
No. 49 (1961). 20 cents. 


U.S. HIGHWAY MAP 


Map of U.S. showing routes of National System of Interstate 
and Defense Highways, Federal-aid Primary Highway System, 
_ and U.S. Numbered Highway System. Scale 1 inch equals 80 


miles. 25 cents. 


PUBLICATIONS 


Aggregate Gradation for Highways: Simplification, Standard- 
ization, and Uniform Application, and A New Graphical 
| Evaluation Chart (1962). 25 cents. 


America’s Lifelines—Federal Aid for Highways (1962). 15 cents. 
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PUBLICATIONS—Continued 


Classification of Motor Vehicles, 1956-57 (1960). 75 cents. 
Design Charts for Open-Channel Flow (1961). 70 cents. 


Federal Laws, Regulations, and Other Material Relating to 
Highways (1960). $1.00. 


Financing of Highways by Counties and Local Rural Govern- 
ments: 1942-51 (1955). 75 cents. 


Highway Bond Calculations (1936). 10 cents. 
Highway Capacity Manual (1950). $1.00. 


Highway Statistics (published annually since 1945): 
1955, $1.00. 1956, $1.00. 1957, $1.25. 1958, $1.00. 1959, 
$1.00. 1960, $1.25. 

Highway Statistics, Summary to 1955. $1.00. 


Highway Transportation Criteria in Zoning Law and Police Power 
and Planning Controls for Arterial Streets (1960). 35 cents. 


Highways of History (1939). 25 cents. 
Hydraulics of Bridge Waterways (1960). 40 cents. 


Increasing the Traffic-Carrying Capability of Urban Arterial 
Streets: The Wisconsin Avenue Study (1962). 40 cents. 


Landslide Investigations (1961). 30 cents. 
Manual for Highway Severance Damage Studies (1961). $1.00. 


Manual on Uniform Traffic Control Devices for Streets and High- 
ways (1961). $2.00, 


Parking Guide for Cities (1956). 55 cents. 
Peak Rates of Runoff From Small Watersheds (1961). 30 cents. 


Road-User and Property Taxes on Selected Motor Vehicles, 1960. 
30 cents. 

Selected Bibliography on Highway Finance (1951). 60 cents. 

Specifications for Aerial Surveys and Mapping by Photogram- 


metric Methods for Highways, 1958: a reference guide outline. 
75 cents. 


Standard Specifications for Construction of Roads and Bridges 
on Federal Highway Projects, FP-61 (1961). $2.25. 

Standard Plans for Highway Bridge Superstructures (1956). 
$1.75. 

The Identification of Rock Types (revised edition, 1960). 20 
cents. 

The Role of Aerial Surveys in Highway Engineering (1960). 40 
cents. 


Transition Curves for Highways (1940). $1.75 


UNITED STATES 


GOVERNMENT PRINTING OFFICE 


DIVISION OF PUBLIC DOCUMENTS 
WASHINGTON 25, D.C. 





OFFICIAL BUSINESS 


If you do not desire to continue to receive 
this publication, please CHECK HERE [_]; 


tear off this label and return it to the above 
address. Your name will then be removed 
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